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ABSTRACT
The problem o f  t h r e e -d im e n s io n a l  s e p a r a t i o n  and f low c o n t r o l  a t  a 
wing/body j u n c t i o n  has been i n v e s t i g a t e d  n u m e r i c a l ly  us in g  a t h r e e -  
dimensional  N av ie r -S tokes  code. The numerical  code employs an a l g e b r a ­
i c  g r i d  g e n e r a t i o n  t e c h n iq u e  f o r  g e n e r a t i n g  t h e  g r i d  f o r  unmodif ied 
j u n c t i o n  and an e l l i p t i c  g r i d  g e n e r a t i o n  t ec hn ique  f o r  f i l l e t e d  f i n  
j u n c t i o n .  The r e s u l t s  f o r  l am ina r  f low p a s t  a b l u n t  f i n / f l a t  p l a t e  
j u n c t i o n  dem ons t ra te  t h a t  a f t e r  g r i d  r e f in e m e n t ,  t h e  com puta t ions  agree  
with experiment  and revea l  a s t r o n g  dependency o f  t h e  number o f  v o r t i ­
ces  a t  t h e  j u n c t i o n  on Macfi number and Reynolds  number. The numerical  
r e s u l t s  f o r  p r e s s u r e  d i s t r i b u t i o n ,  p a r t i c l e  p a th s  and l i m i t i n g  s t r e a m ­
l i n e s  f o r  t u r b u l e n t  f low p a s t  a swept f i n  show a d e c re a s e  in t h e  peak 
p r e s s u r e  and in t h e  e x t e n t  o f  t h e  s e p a r a t e d  f low r e g io n  compared t o  t h e  
l am in ar  c a s e .  The r e s u l t s  f o r  a  f i l l e t e d  j u n c t u r e  i n d i c a t e  t h a t  t h e  
s t r e a m l in e  p a t t e r n s  l o s e  much o f  t h e i r  v o r t i c a l  c h a r a c t e r  w i th  p rope r  
f i l l e t i n g .  F i l l e t s  w i th  a r a d i u s  o f  t h r e e  and o n e - h a l f  t im es  t h e  f i n  
l ea d in g  edge d i a m e te r  o r  two t im es  t h e  incoming boundary l a y e r  t h i c k ­
n e s s ,  s i g n i f i c a n t l y  weaken t h e  usual  "neck lace"  i n t e r a c t i o n  v o r t e x  f o r  
t h e  Mach number and Reynolds number c o n s id e r e d  in t h e  p r e s e n t  s tu d y .
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Chapter  1 
INTRODUCTION
Three-dimensional  s e p a r a t i o n  a t  i n t e r s e c t i n g  s u r f a c e s  such as 
w in g - fu s e la g e  and wing-pylon j u n c t i o n s ,  and a i r  b r e a t h i n g  eng ine  
i n l e t s  i s  a complex phy s ic a l  phenomenon. The i n t e r s e c t i n g  s u r f a c e  
f low e x h i b i t s  complex f low p a t t e r n s  which may s i g n i f i c a n t l y  a f f e c t  the  
performance o f  t h e  a i r c r a f t .  Major e f f e c t s  i nc lude  in c r e a s e d  p r e s s u r e  
and hea t  t r a n s f e r  in t h e  v i c i n i t y  o f  t h e  i n t e r s e c t i o n s  and l o s s  of 
c o n t r o l  e f f e c t i v e n e s s  due t o  f low s e p a r a t i o n .  A v a r i e t y  of  s i m p l i f i e d  
geom et r ica l  c o n f i g u r a t i o n s  have been s tu d i e d  t o  gain i n s i g h t  i n t o  t h e  
phys ica l  a s p e c t s  o f  t h r e e -d i m e n s i o n a l  s e p a r a t e d  f lows i n c l u d in g  ( 1 ) 
sha rp  f i n  mounted on a f l a t  p l a t e ,  (2 ) b l u n t  f i n  mounted on a f l a t  
p l a t e ,  (3) swept compression c o r n e r ,  and (4) semicone a f f i x e d  t o  a 
f l a t  p l a t e .
In t h e  p r e s e n t  work we c o n c e n t r a t e  our  a t t e n t i o n  t o  t h e  f low pas t  
a b l u n t  f i n / f l a t  p l a t e  j u n c t i o n  whch i s  a t y p i c a l  example of  j u n c t io n  
f low .  When a h igh -speed  f low  p a s s e s  over  a b l u n t  o b s t r u c t i o n  mounted 
on a f l a t  p l a t e  the  de tached  bow shock formed ahead induces  a s t ro n g  
a dve rse  p r e s s u r e  g r a d i e n t  t o  t h e  p l a t e  boundary l a y e r .  This 
d i s t u r b a n c e  p ropaga tes  th rough  t h e  subson ic  p o r t i o n  o f  t h e  boundary 
l a y e r  and can r e s u l t  in  a 3-D s e p a r a t e d  f low reg io n  composed o f  
horseshoe  v o r t i c e s  near  t h e  p l a t e  s u r f a c e  and a lambda-type shock 
p a t t e r n  ahead o f  t h e  f i n .  These v o r t i c e s  e n t r a i n  a p a r t  o f  t h e  f r e e ­
s t ream f low and s p i r a l  downstream. The s e p a r a t i o n  shock emanating
1
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from th e  s e p a r a t e d  f low reg io n  impinges on t h e  f i n  shock producing a 
shock-shock i n t e r a c t i o n .  Depending on t h e  s e v e r i t y  o f  t h e  incoming 
shock ,  t h e  shock-shock i n t e r a c t i o n  l eads  t o  the  fo rm ation  o f  
s upe rson ic  j e t .  This i n t e r a c t i o n  leads  t o  i n t e n s e  h e a t in g  and h igh  
p r e s s u r e  l o c a l l y  around t h e  f i n  l ea d ing  edge.
Extensive  experimenta l  and computa t iona l  s t u d i e s  p e r t i n e n t  t o  t h e  
phys ic s  o f  t h e  problem have been c a r r i e d  ou t  in  t h e  p a s t  f o r  f low p a s t  
a wing/body j u n c t i o n  and t h e s e  a re  reviewed b r i e f l y  in  Chap. 2. The 
d e s c r i p t i o n  o f  t h e  gove rn ing e q u a t i o n s  and a l l  p o s s i b l e  boundary 
c o n d i t i o n s  employed in  t h e  s tu d y  i s  given in  Chap. 3. The development  
o f  t h e  f i n i t e  volume c o n c e p t ,  method o f  s o l u t i o n  and o p e r a t i o n  of  the  
numerical code are  given in d e t a i l  in  Chap. 4. The s p e c i f i c  phy s ic a l  
c o n d i t i o n s  o f  i n v e s t i g a t i o n  a r e  d e s c r i b e d  in  Chap. 5 and d i s c u s s i o n  of  
a l l  r e s u l t s  a re  prov ided  in  Chap. 6 .
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Chapte r  2 
PHYSICS OF WING/BODY JUNCTURE FLOWS 
In t h i s  c h a p te r ,  t h e  phys ic s  of  wing/body j u n c t u r e  f lows a t  low 
speed and high speed a re  d i s c u s s e d .  Key f in d i n g s  from t h e  p rev ious  
s t u d i e s  have been inc luded  in  t h e  phy s ic s  of  the  problem t o  i n d i c a t e  
t h e  c h a r a c t e r i s t i c s  o f  t h e  j u n c t i o n  f lo w .  The d i s c u s s io n  begins  with 
d e t a i l e d  d e s c r i p t i o n  of  low speed unmodified j u n c t u r e  f lows f o r  lami­
n a r ,  t u r b u l e n t  and t r a n s i t i o n a l  c o n d i t i o n s .  Next , t h e  d e s c r i p t i o n  of  
c o n t r o l l e d  j u n c t u r e  f lows a re  p r e s e n t e d .  The high speed unmodif ied 
and modif ied j u n c t u r e  f lows i s  c o n s id e red  nex t  t o  c l e a r l y  h i g h l i g h t  
the  d i f f e r e n c e  in the  f low s t r u c t u r e  with r e f e r e n c e  t o  low speed.  
F i n a l l y  t h e  s t a t u s  o f  t u r b u l e n c e  model ing as app l i ed  t o  t h e  compu­
t a t i o n  of  j u n c t io n  f low i s  b r i e f l y  rev iewed.
2.1 Low Speed Flows
2 .1 .1  Low Speed Unmodified J u n c tu r e  Flows
I f  a p ro tu berance  i s  p laced  on a f l a t  p l a t e  over  which t h e r e  i s  a 
f l u i d  f low,  the  p ro tube rance  produces an adverse  p r e s s u r e  g r a d i e n t  in  
i t s  v i c i n i t y .  This  adverse  p r e s s u r e  g r a d i e n t  c r e a t e d  upstream of  the  
p ro tu berance  causes  t h e  p l a t e  boundary l a y e r  t o  d e v i a t e  from t h e  
s u r f a c e  r e s u l t i n g  in  a t h r e e -d i m e n s i o n a l  s e p a r a t i o n .  The se pa ra te d  
boundary l a y e r  r o l l s  up downstream o f  t h e  s e p a r a t i o n  l i n e  t o  form a 
system o f  v o r t i c e s .  These v o r t i c e s  a r e  swept around t h e  base o f  the
3
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pro tube ranc e  and assumes a c h a r a c t e r i s t i c  shape which has l ed  t o  i t s  
name the  horseshoe  v o r t e x .
Norman [ 1 ] *  i n v e s t i g a t e d  e x p e r i m e n t a l l y  t h e  b a s i c  f e a t u r e s  o f  
secondary  f lows and th e  c o n d i t i o n s  under  which t h e s e  f lows led t o  
t r a n s i t i o n  and t u r b u l e n c e .  The experimenta l  s tu d y  de f ined  and d e s ­
c r ib e d  q u a l i t a t i v e l y  t h e  vo r te x  sys tem, t h e  horseshoe  vo r tex  system, 
t h e  s p i r a l i n g - t r a i l i n g  v o r te x  system, t h e  vo r te x  system r e s u l t i n g  from 
th e  i n s t a b i l i t y  o f  t h e  top  s h e a r  l a y e r ,  and t h e  i n t e r a c t i o n s  of  t h e s e  
sytems on t r a n s i t i o n .  Schwind [ 2 ]  s tu d i e d  t h e  low speed j u n c t i o n  f low 
using smoke v i s u a l i z a t i o n  t e c h n iq u e  and observed  f i v e  types  o f  vo r tex  
reg imes .  Schwind obse rved  t h a t  as  t h e  v e l o c i t y  i s  inc re ase d  t h e  
number o f  v o r t i c e s  observed  a l s o  i n c r e a s e s  and a t  h ig h e r  v e l o c i t i e s  
t h e  two c lockwise  r o t a t i n g  v o r t i c e s  began t o  o s c i l l a t e  with ampli tude 
in c r e a s i n g  with v e l o c i t y .  Schwind f u r t h e r  p o i n t s  ou t  t h a t  a l though 
t h e  f low passed from regime 1 t o  regime 5 t y p e s  as t h e  v e l o c i t y  i s  
i n c r e a s e d ,  the  v e l o c i t y  a t  which t h e  f low changed from one regime t o  
ano the r  was by no means wel l  de f in e d  and d i f f e r e n t  f low regimes could 
e x i s t  a t  one v e l o c i t y .  Baker [3 ]  demonst rated  e x p e r im e n ta l l y  t h e  
e x i s t e n c e  o f  both s t e a d y  and uns teady  vo r tex  sys tems.  The o s c i l l a t o r y  
behav io r  of  t h e  horse shoe  vo r te x  was found t o  be complex. As t h e  
Reynolds  number i s  i n c r e a s e d  t h e  s t e a d y  horse shoe  v o r te x  system began 
to  o s c i l l a t e  i n t e r m i t t e n t l y  and randomly a t  two d i f f e r e n t  f r e q u e n c i e s .  
As t h e  Reynolds  number i s  i n c r e a s e d  f u r t h e r ,  t h e  pe r io d  of  o s c i l l a t i o n  
of  t h e  v o r t i c e s  became lo n g e r ,  t h e  high f requency  o s c i l l a t i o n  becoming 
more common. At y e t  h i g h e r  Reynolds number t h e  o s c i l l a t i o n s  became 
i r r e g u l a r  and th e  horse shoe  v o r te x  system became t u r b u l e n t .  I t  was
*Numbers in b r a c k e t s  i n d i c a t e  R e fe rences .
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concluded t h a t  t h e  f requency  o f  t h e s e  o s c i l l a t i o n s  i s  s o l e l y  d e t e r ­
mined by th e  va lue  of  Reynolds number and t h e  r a t i o  of  d iam e te r  of  the  
p ro tube rance  t o  t h e  incoming boundary l a y e r  t h i c k n e s s .
Kaul e t  a l .  [4 ]  s tu d i e d  n u m e r i c a l ly  t h e  in co m p res s ib le  j u n c t i o n  
f low using  t h e  Navier-S tokes  e q u a t i o n s .  The e q u a t io n s  were c a s t  in  
g e n e ra l i z e d  c o o r d i n a t e s ,  and so lved  in  t ime as a h y p e rb o l i c  system by 
adding a p r e s s u r e  term in  t h e  c o n t i n u i t y  e q u a t i o n .  The e q u a t i o n s  were 
marched u n t i l  s t e a d y  s t a t e  was r eached .  The c a l c u l a t i o n s  i n d i c a t e d  a 
s t r o n g  non-uniform p r e s s u r e  load ing  along t h e  l en g th  o f  t h e  c y l i n d e r .
A new mechanism f o r  t h e  e x i s t e n c e  o f  r e c i r c u l a t i o n  bubb les  behind th e  
c y l i n d e r  end w a l l s  wi th  r e l a t i v e l y  low r a t i o  o f  c y l i n d e r  h e ig h t  t o  t h e  
incoming boundary l a y e r  t h i c k n e s s  was obse rved .
The t u r b u l e n t  f low around a wing/body j u n c t i o n  i s  much more 
complex than the  laminar  c o u n t e r p a r t .  I t  c o n s i s t s  o f  a t u r b u l e n t  
boundary l a y e r  i n t e r a c t i n g  wi th a v i sc o u s  wake t h a t  i s  p r e s s u r e  d r iv en  
in  some r e g i o n s ,  Reyno ld 's  s t r e s s  d r iven  in  o t h e r  r e g io n s  and v i scous  
dominated in  most o t h e r  r e g i o n s .  The e s s e n t i a l  f e a t u r e s  o f  t h e  f low 
and t h e  horseshoe  ro o t  v o r t e x  a re  shown in  F ig .  2 .1 .  The wing i s  
p a r t i a l l y  submerged in  t h e  oncoming f l a t  p l a t e  boundary l a y e r .  The 
body i s  s u f f i c i e n t l y  long t h a t  a t u r b u l e n t  boundary l a y e r  e x i s t s  up­
s tream o f  t h e  wing. The f low around t h e  wing o u t s i d e  t h e  boundary 
l a y e r  i s  assumed t o  be i n v i s c i d .  The v o r t i c i t y  p r e s e n t  in  t h e  incom­
ing boundary l a y e r  wraps around t h e  wing l e a d in g  edge t o  form a h o r se ­
shoe v o r te x .  The oncoming f l u i d  i s  d e c e l e r a t e d  by t h e  adverse  p r e s ­
s u r e  g r a d i e n t  c r e a t e d  due t o  t h e  p resence  o f  t h e  wing l e a d i n g  t o  
th re e -d im e n s io n a l  s e p a r a t i o n .  I t  i s  in  t h i s  p a r t  t h a t  t h e  p r im ary  
r o o t  v o r t e x ,  and p o s s i b l y  secondary  v o r t i c e s  a re  e s t a b l i s h e d .
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Meanwhile, f l u i d  o f f  t o  t h e  s id e  o f  t h e  wing, passe s  w i thou t  
ex p e r i en c in g  much d i s t u r b a n c e .  Consequent ly ,  t h e  f l u i d  elements  in 
one p a r t  o f  a v o r t i c a l  l i n e  a re  d e c e l e r a t e d  r e l a t i v e  t o  f l u i d  in  o th e r  
p a r t s .  The subsequent  wrapping of  t h e  v o r t i c a l  l i n e  elements  around 
t h e  wing l ead ing  edge r e s u l t s  in  t h e  appearance o f  horseshoe v o r te x .
The e f f e c t  o f  t h i s  skewing of  the  t r a n s v e r s e  v o r t i c i t y  l i n e  r e s u l t s  in 
t h e  g e n e r a t i o n  o f  s treamwise v o r t i c i t y  and a t h r e e -d im e n s t io n a l  f low 
v e l o c i t y .  Whereas, the  f low upstream of  t h e  wing has one component 
v e l o c i t y ,  which i s  d i r e c t e d  in  t h e  s t reamwise  d i r e c t i o n ,  t h e  f low in 
t he  r o o t  vo r tex  has components in  t h e  plane  normal t o  t h e  s t reamwise 
d i r e c t i o n  due t o  t h e  p resence  o f  s t reamwise  v o r t i c i t y .  The horseshoe 
vo r tex  e x p e r i e n c e s  v i scous  d i f f u s i o n  and t h e  e f f e c t s  of  coun te r  
r o t a t i o n  t a k e s  p lac e  because of  t h e  a n i s o t ro p h y  of  t h e  Reynold 's  
s t r e s s e s .  The f low slowly v a r i e s  in  the  s t reamwise  d i r e c t i o n  and i s  
in  some sense  in  e q u i l i b r i u m .  The f low does not  r e t u r n  t o  i t s  
o r i g i n a l  s t a t e  downstream from t h e  wing. F u r t h e r ,  t h e r e  are  complex 
i n t e r a c t i o n s  between t h e  v o r t i c e s ,  t h e  s e p a r a t e d  f low near  t h e  t r a i l ­
ing edge and the  v i scous  wake of  t h e  wing. The v o r t i c e s  remain 
immersed in  t h e  boundary l a y e r  from which t h e y  o r i g i n a t e d ,  and t h e y  do 
not  l i f t  up away from t h e  body.
Shabaka and Bradshaw [ 5 ,  6 ] and Oguz [ 7 ]  made mean f low and 
t u rb u le n c e  measurements in  wing- fuse l  age j u n c t i o n s .  The s p e c i a l  
emphasis o f  t h e  experiment  was t o  i n v e s t i g a t e  t h e  r e l a t i v e  importance 
o f  t u r b u l e n c e  terms and examine th e  s p a t i a l  e x t e n t  o f  t h e  i n t e r a c t i o n  
f low f i e l d .  McMahon e t  a l .  [ 8 ] s t u d i e d  t h e  d e t a i l s  o f  t u r b u l e n t  f low 
in a w ing - fu se la ge  type j u n c t i o n  us ing s u r f a c e  o i 1 - f l ow v i s u a l i z a t i o n  
t e c h n iq u e  combined with hot  wi re  anemonemtry. The experimental  d a ta
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c o l l e c t e d  i n c lu d e s  measurement o f  t h r e e  mean v e l o c i t y  components and 
s i x  Reynolds s t r e s s e s  a t  s e l e c t e d  s t reamwise l o c a t i o n s .  To complete  
t h e  e n t i r e  p i c t u r e  o f  t h e  f low f i e l d  some measurements were taken  
i n s i d e  t h e  r eve r sed  f low reg io n  us ing  h o t -w i re  t e c h n i q u e s .  I t  was 
shown t h a t  unambiguous measurements o f  t h e  mean f low d i r e c t i o n  can be 
made in th re e -d im e ns iona l  s e p a r a t e d  f lows.  The c o l l e c t e d  d a t a  have 
been used t o  deduce t h e  f low behav io r  in  and around t h e  j u n c t u r e .
Also,  t h e  s i m i l a r i t i e s  between t h e  mean-flow s t r a i n  r a t e s  and th e  
t u r b u l e n t  s t r e s s e s ,  and t h e  r e l a t i v e  t r e n d s  among t h e  t u r b u l e n c e  
q u a n t i t i e s  have been d i s c u s s e d .  Hsing and Teng [9]  c a r r i e d  ou t  
experiments  on t h e  behav io r  o f  th re e -d im e ns iona l  t u r b u l e n t  boundary 
l a y e r  in  t h e  s i m p l i f i e d  wing-body j u n c t io n  a t  low subson ic  speed .  The 
r e s u l t s  o f  t h e  boundary l a y e r  behav io r  in  t h e  a t t a c h e d  f low r e g io n  
have r ev e a le d  t h e  e f f e c t s  o f  p r e s s u r e  g r a d i e n t  and c u r v a t u r e  o f  t h e  
s t r e a m l i n e .  B r i l e y  and McDonald [10 ]  s tu d i e d  n u m er i ca l ly  t h e  wing/  
body j u n c t i o n  f low with swept  l e a d in g  edges us ing t h e  Navie r-S tokes  
e q u a t i o n s .  A gene ra l  nonor thogonal  c o o rd in a te  system t h a t  r e s o l v e d  
the  v i scous  s u b la y e r  was employed. The numerical p r e d i c t i o n s  d id  not  
ag ree  wi th measurements wel l  downstream o f  t h e  l ea d ing  edge. The 
a lg e b r a i c  t u rb u le n c e  model employed in  the  s tudy  was f a i r l y  c ru d e ,  but  
f a l s e  d i f f u s i o n  e r r o r s ,  n o t o r i o u s l y  l a r g e  in  t h e  r e c i r c u l a t i n g  reg ion  
may have a lso  c o n t r i b u t e d .
2 .1 .2  Low Speed C o n t r o l l e d  J u n c tu r e  Flows
The phys ic s  of  low speed c o n t r o l l e d  j u n c t u r e  f lows d i f f e r  s l i g h t ­
ly  from unmodified j u n c t u r e  f lows in  t h a t  t h e  s e p a r a t i o n  a t  t h e  wing 
lead ing  edge i s  e l i m i n a t e d  by s u i t a b l e  geomet r i ca l  m o d i f i c a t i o n s  t o
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9t h e  wing. Such m o d i f i c a t i o n s  i n c lu d e  f i l l e t s ,  sweep and s u c t i o n  ho les  
in  t h e  wing. These s imple t e c h n iq u e s  he lp  in  improving t h e  a i r  f low 
around t h e  w in g / fu s e la g e  j u n c t i o n s  and can be e a s i l y  i n c o r p o r a t e d  in 
e x i s t i n g  f l e e t s  of  a i r c r a f t .  P r e l im in a ry  r e s u l t s  [11] i n d i c a t e  t h a t  
t h e r e  i s  some r e d u c t io n  in  j u n c t u r e  drag a t  moderate ang le s  o f  a t t a c k  
with t h e  use of  l ea d ing  edge f i l l e t s .  The use o f  sweep and s u c t i o n  a t  
t h e  wing l ea d ing  edge c o n s i d e r a b l y  r educes  t h e  e x t e n t  o f  s e p a r a t i o n  
and he lps  t o  m ain ta in  laminar  f low around the  j u n c t u r e .
Mehta [12]  e x p e r i m e n t a l l y  i n v e s t i g a t e d  th e  e f f e c t  o f  wing nose 
shapes on t h e  n a tu re  of  t h e  g e n e ra te d  secondary f low.  The 
e xperimenta l  s tu dy  i n v e s t i g a t e d  i n  d e t a i l  t h e  c o r r e l a t i o n  o f  the  
s t r e n g t h ,  s i z e  and p o s i t i o n  of  t h e  horseshoe  vo r te x  with t h e  nose 
shape o f  t h e  wing. The s tudy  c l e a r l y  demonst rated  t h a t  t h e  n a tu r e  of  
t h e  horseshoe  vo r tex  system in a wing/body ju n c t io n  i s  s t r o n g l y  
dependent  on t h e  wing nose  shape  wi th s i z e  and s t r e n g t h  o f  t h e  vo r te x  
system in c r e a s i n g  with t h e  nose b l u n t n e s s .  In most p r a c t i c a l  c a s e s ,  
t h i s  vo r tex  f low p e r s i s t s  r i g h t  up t o  t h e  wing t r a i l i n g  edge ,  with 
ve ry l i t t l e  a t t e n u a t i o n ,  so t h e  only  p r a c t i c a l  way t o  c o n t r o l  i t  i s  by 
s u i t a b l y  a d j u s t i n g  t h e  wing l e a d i n g  edge shape.  Kubendran and Harvey 
[ 1 1 ] have made measurements  in  t h e  wake reg ion  of  a s im u la te d  wing-  
f u s e l a g e  j u n c t u r e ,  wi th and w i th o u t  l e a d ing -e dge  f i l l e t s ,  t o  
unders tand  th e  e f f e c t  o f  l e a d i n g  edge m o d i f i c a t i o n s  on t h e  f low f i e l d  
around t h e  j u n c t u r e .  P r e l i m i n a r y  r e s u l t s  have i n d i c a t e d  some 
r e d u c t io n  in j u n c t u r e  d rag  u s ing  l ea d ing  edge f i l l e t s  a t  moderate  
ang le s  of  a t t a c k .  Some improvements in  t h e  f low c h a r a c t e r i s t i c s  on 
t h e  s u r f a c e  downstream o f  t h e  j u n c t u r e  were a l s o  n o t i c e d  when l ea d ing  
edge f i l l e t s  were used. As t h e  f i l l e t  s i z e  was i n c r e a s e d ,  f low
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
10
c h a r a c t e r i s t i c s  s t a r t  d e t e r i o r a t i n g  a t  some p o i n t ,  and an optimum 
f i l l e t  s i z e  was needed t o  ach ieve  an o v e r a l l  improvement in  t h e  f low 
f i e l d .
The numerical  s tu dy  o f  c o n t r o l l e d  j u n c t u r e  f lows us in g  f a i r i n g s  
a t  the  j u n c t i o n  have been s tu d i e d  by Sung and Lin [13] and Kubendran 
e t  a l .  [14]  us ing  t h e  in co m p res s ib le  Navier-S tokes  e q u a t i o n s .  I t  has 
been found t h a t  t h e  l ead ing  edge f a i r i n g  i s  q u i t e  e f f e c t i v e  in  r ed u c ­
ing t h e  l ea d in g  edge f low s e p a r a t i o n  and non -un i fo rm i ty  o f  t h e  wave 
v e l o c i t y  p r o f i l e  and th e  a d d i t i o n  of  t h e  t r a i l i n g  edge f a i r i n g  can 
c o n t r i b u t e  t o  f u r t h e r  improvement.
2 .2  High Speed Flows
2 .2 . 1  High Speed Unmodified J u n c tu r e  Flows
High speed f low p a s t  a b l u n t  f i n  mounted on a f l a t  p l a t e ,  r e s u l t s  
in  a complex, t h r e e - d i m e n s i o n a l ,  v i s c o u s - i n v i s c i d  i n t e r a c t i o n  f low 
f i e l d .  The de tached  bow shock formed ahead o f  t h e  p ro tube ranc e  causes  
t h e  boundary l a y e r  t o  s e p a r a t e  from t h e  s u r f a c e  upstream o f  t h e  f i n  
l o c a t i o n .  This  r e s u l t s  in  a s e p a r a t e d  f low reg ion  composed o f  h o r se ­
shoe v o r t i c e s  near  the  s u r f a c e  and a lambda-type shock p a t t e r n  in  t h e  
p lane  o f  symmetry ahead of  t h e  f i n .  The major  e f f e c t s  o f  t h e  shock­
w a v e / tu r b u le n t  bo u n d a ry - l ay e r  i n t e r a c t i o n  are  inc re ase d  p r e s s u r e  loads 
and hea t  t r a n s f e r  l e v e l s  on and in  t h e  v i c i n i t y  of  t h e  p ro tu b e ran c e .  
The e x i s t i n g  experimenta l  d a t a  sugges t  t h a t  t h e  s e p a r a te d  f low i s  
ve ry  uns teady  due t o  t h e  o s c i l l a t i o n  o f  t h e  s e p a r a t i o n  l o c a t i o n  with 
ampl i tude  l a r g e r  than  t h e  u n d i s t u r b e d  boundary l a y e r  t h i c k n e s s .  This 
r e l a t i v e l y  l a r g e  movement o f  t h e  s e p a r a t i o n  l o c a t i o n  i s  a t t r i b u t e d  t o  
t h e  p u l s a t i n g  and scavenging a c t i o n  of  t h e  f low compris ing  t h e  
m u l t i p l e  horse shoe  v o r t i c e s ,  r e s u l t s  in  compara t ive ly  l a r g e
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o s c i l l a t i o n  o f  t h e  impinging shock wave. In a d d i t i o n  t o  t h e  p re s s u re  
peaks and h e a t in g  r a t e s  a t  shock impingement on t h e  f i n  l ead ing  edge, 
t h e r e  a re  ve ry  l a r g e  p r e s s u r e s  and h e a t in g  r a t e s  on t h e  p l a t e  su r f a c e  
in the  immediate v i c i n i t y  of  t h e  f i n  r o o t .  I t  i s  b e l i e v e d  t h a t  such 
shock wave t u r b u l e n t  boundary l a y e r  i n t e r a c t i o n s  have caused 
s t r u c t u r a l  damage on hyperson ic  wing/body j u n c t i o n s  [ 1 5 ] .
C e r t a i n  a s p e c t s  o f  t h e  s e p a r a t e d  f low ahead o f  a b l u n t  f i n  are 
somewhat s i m i l a r  t o  two-d imensiona l  s e p a r a t e d  f lows ahead o f  ramps or  
s t e p s .  The p r e s s u r e  i n c r e a s e  ac ro s s  t h e  f i n  bow shock wave p r e s e n t s  a 
s t ro n g  adverse p r e s s u r e  g r a d i e n t  t o  t h e  boundary l a y e r  f low on th e  
f l a t  p l a t e  s u r f a c e ,  caus ing  t h e  boundary l a y e r  t o  s e p a r a t e  a d ja c e n t  t o  
th e  p l a t e  s u r f a c e .  The e f f e c t s  o f  p r e s s u r e  i n c r e a s e  a re  propaga ted 
upstream through t h e  subson ic  pocke t  o f  t h e  boundary l a y e r  and leads 
to  t h e  s e p a r a t i o n  o f  t h e  boundary l a y e r  on t h e  f l a t  p l a t e .  As 
ske tched  in  F ig .  2 . 2 ,  t h e  r e v e r s e d  f low forms a horseshoe  vo r tex  in 
which t h e  flow q u i c k l y  s p i r a l s  downstream, away from t h e  p lane of  
symmetry. Immediately downstream o f  t h i s  v o r t e x ,  t h e r e  appears  t o  be 
one or  more a d d i t i o n a l  v o r t i c e s .  The r e v e r s e d  f low in t h e  v o r t i c e s  i s  
c o n s t a n t l y  r e p l e n i s h e d  by t h e  s e p a r a t e d  s t ream f low ,  and s p i r a l s  down­
stream very r a p i d l y .  Thus,  t h e  v o r t i c e s  b r in g  t h e  high energy a i r  
s t r eam i n t o  p ro x im i ty  wi th  t h e  s u r f a c e .  Extremely high h e a t i n g  r a t e s  
and l a r g e  p r e s s u r e  f l u c t u a t i o n s  have been obse rved in  loca l  r eg ions  on 
t h e  s u r f a c e  a d j a c e n t  t o  t h e  p r o tu b e r a n c e .  The e x i s t i n g  o i l  f low 
v i s u a l i z a t i o n  t e c h n iq u e s  sugges t  t h a t  the  d i r e c t i o n  o f  f low in  the  
v o r t i c e s  i s  p redom inan t ly  ou tboard  and be a r s  l i t t l e  s i m i l a r i t y  t o  two- 
dimensional  s e p a r a t e d  f lows in  t h e  p lane  of  symmetry. The predomin­
ance o f  t h e  t r a n s v e r s e  f low masks t h e  n a tu r e  o f  t h e  f low along th e
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boundary between two v o r t i c e s ,  bu t  t h e r e  appears  a t h i r d ,  small  and 
coun te r  r o t a t i n g  horseshoe  vo r te x  between th e  two l a r g e  v o r t i c e s .  The 
f low a t  t h e  r o o t  o f  t h e  f i n  i s  h i g h ly  t h re e -d im e n s io n a l  and complex. 
There are  l a r g e  p r e s s u r e ,  as wel l as high v e l o c i t y  g r a d i e n t s  in  t h i s  
r e g i o n .  The compressed s e p a r a t e d  f low ahead o f  t h e  f i n  a c c e l e r a t e s  to  
supe rson ic  speeds in  e sca p in g  around th e  f i n  t o  lower p r e s s u r e  
r e g i o n s .  A s t r o n g  vo r te x  s t a r t s  a t  t h e  r oo t  o f  t h e  f i n  and spreads  
out  as i t  fo l low s  th e  f i n  r o o t  downstream. The f i n  bow shock causes  
t h e  boundary l a y e r  t o  s e p a r a t e  f rom t h e  s u r f a c e  ahead o f  t h e  f i n ,  
r e s u l t i n g  in  a s e p a r a t e d  f low reg io n  composed of  horse shoe  v o r t i c e s  
nea r  t h e  s u r f a c e ,  and a lambda-type shock p a t t e r n  ahead o f  t h e  f i n .
The shock wave emanating from t h e  s e p a r a t e d  f low reg io n  impinges on 
t h e  f i n  bow shock ,  and c a use s  i n t e n s e  h e a t i n g  and high p r e s s u r e  l o c a l ­
ly  around th e  f i n  l ead ing  edge.
Young e t  a l .  [ 1 6 ] ,  P r i c e  and S t a l l i n g s  [17]  and Westkaemper [18]  
observed t h a t  t h e  e x t e n t  o f  t u r b u l e n t  s e p a r a t i o n  i s  i n s e n s i t i v e  t o  
Mach number, Reynolds number and boundary l a y e r  t h i c k n e s s  f o r  a wide 
range of  f low c o n d i t i o n s ,  f o r  f i n  d iam e te r s  t h a t  a re  l a r g e r  o r  compar­
a b le  t o  t h e  und i s tu rb ed  boundary l a y e r  t h i c k n e s s .  S p e c i f i c a l l y ,  f o r  
Mach numbers from 1.2 t o  21,  t u r b u l e n t  boundary l a y e r s  s e p a r a t e  
approx imate ly  two d i am e te r s  ahead o f  t h e  f i n  l ead ing  edge.  Laminar or  
t r a n s i t i o n a l  boundary l a y e r  s e p a r a t i o n  ahead o f  a f i n  i s  much more 
e x t e n s i v e  than  t u r b u l e n t  s e p a r a t i o n  and depends on both  Mach number 
and Reynolds number. Limited d a t a  a v a i l a b l e  in  t h e  l i t e r a t u r e  i n d i ­
c a t e  t h a t  t h e  e x t e n t  o f  s e p a r a t i o n  ahead o f  a f i n  i n c r e a s e s  wi th 
i n c r e a s i n g  Reynolds number based on t h e  s e p a r a t i o n  d i s t a n c e .  Laminar 
s e p a r a t i o n  l e n g t h s  exceeding  s i x  d iam e te r s  have been obse rved by Young
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
14
e t  a l .  [16 ]  f o r  both Mach 3 and Mach 5 f l o w s .  However, s e p a r a t i o n  i s  
a s t ro n g  d i s t u r b a n c e  t o  a l aminar  boundary l a y e r  and causes  e a r l i e r  
t r a n s i t i o n  than  f o r  a t t a c h e d ,  u n d i s tu r b e d  boundary l a y e r s .  In v i r t u ­
a l l y  a l l  o f  t h e  t e s t s  c a r r i e d  o u t  in  t h e  e a r l i e r  s tudy  [ 1 6 ] ,  t r a n s ­
i t i o n  occur red  e i t h e r  ahead o f  t h e  s e p a r a t i o n  l o c a t i o n  o r  in  t h e  f r e e  
shear  l a y e r  bounding th e  r e v e r s e  f low r e g io n  ahead of  t h e  f i n  ( t r a n s ­
i t i o n a l  s e p a r a t i o n ) .  The e x t e n t  o f  t r a n s i t i o n a l  s e p a r a t i o n  dimin ished
toward th e  t u r b u l e n t  va lue  U  * 2 0 ) as t h e  s e p a r a t i o n  l o c a t i o nsep
approaches t h e  u n d i s tu r b e d  boundary l a y e r  t r a n s i t i o n a l  l o c a t i o n  of  the  
p l a t e  boundary l a y e r .  Mach number, Reynolds number, and boundary 
l a y e r  t h i c k n e s s  e f f e c t s  on t h e  e x t e n t  o f  l aminar  o r  t r a n s i t i o n a l  
s e p a r a t i o n  have no t  been c l e a r l y  d i f f e r e n t i a t e d .
Sidney [19]  i n v e s t i g a t e d  e x p e r i m e n t a l l y  t h e  s u p e r s o n ic  j u n c t i o n  
f low problem using  f low v i s u a l i z a t i o n  t e c h n i q u e .  The major  o b j e c t i v e  
o f  t h e  experiment  was t o  r e s o l v e  t h e  f i n e  d e t a i l s  o f  t h e  f low s t r u c ­
t u r e .  The v a r i a t i o n  o f  pr imary  s e p a r a t i o n  d i s t a n c e  was d i sc u s s e d  as a 
f u n c t i o n  o f  Mach number, Reynolds  number and o b s t a c l e  d imens ions .  The 
s t r u c t u r e  of  the  s e p a r a te d  f low upstream o f  t h e  o b s t a c l e  was found to  
change w i th  r e l a t i v e l y  small  changes in  Reynolds  number. Experiments  
have been conducted by p rev ious  i n v e s t i g a t o r s  t o  s tudy  t h e  e f f e c t  of  
t r a n s i t i o n  p r o p e r t i e s  on t h e  d iam e te r  o f  t h e  f i n  [17 ,  18, 20-27] ,  
sweep angle  [17,  28,  2 9 ] ,  h e ig h t  o f  t h e  p ro tu b e ran c e  [17,  18,  20 ] ,
Mach number [17 ,  20, 23, 25] ,  and Reynolds number [17 ,  20, 25, 28,
29 ] .  Attempts have been made t o  c o r r e l a t e  t h e  experimenta l  d a t a ,  but  
c onfus ion  over  t h e  c o n d i t i o n s  n e c e s s a ry  f o r  t h e  model t o  be c ons ide red  
s e m i - i n f i n i t e  have caused some d i f f i c u l t y ,  p a r t i c u l a r l y  with r e s p e c t  
t o  t h e  v e r t i c a l  s c a l e  of  t h e  f low f i e l d .  However most o f  t h e
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experiments  r e v e a le d  c l e a r l y  t h a t  t h e  dominant paramete rs  c o n t r o l l i n g  
the  c e n t e r l i n e  f low f i e l d  a re  the  d iam e te r  and sweep ang le  o f  t h e  f i n .  
Dol l ing  and Bogdonoff [30 ]  s tu d i e d  e x p e r im e n ta l l y  b lun t  f i n  induced 
shock w a v e / tu rb u le n t  boundary l a y e r  i n t e r a c t i o n .  The f i r s t  o b j e c t i v e  
o f  t h e  experiment  was to  i n v e s t i g a t e  t h e  spanwise development  of  t h e  
d i s t u r b e d  f low f i e l d  and t o  de te rmine  i t s  dependance on t h e  model 
geometry and incoming f low c o n d i t i o n s .  The second o b j e c t i v e  o f  t h e  
experiment  was t o  de te rmine  t h e  v e r t i c a l  e x t e n t  o f  t h e  i n t e r a c t i o n  on 
t h e  f i n .  The r e s u l t s  show t h a t ,  on t h e  t e s t  s u r f a c e  nea r  t h e  f i n  and 
on the  f i n  i t s e l f ,  t h e  l ea d ing  edge d iam ete r  p lays  a dominant r o l e  in  
de te rmin ing  t h e  i n t e r a c t i o n s  s c a l e  and c h a r a c t e r i s t i c s .
Hung and Buning [31] s tu d i e d  t h e  b l u n t  f i n  induced shock wave/-  
t u r b u l e n t  boundary l a y e r  i n t e r a c t i o n  problem using  t h e  3D com press ib le  
Navier-Stokes e q u a t i o n s .  I t  was no ted  t h a t  vary ing th e  incoming 
boundary l a y e r  t h i c k n e s s  by an o r d e r  of  magni tude showed t h a t  t h e  s i z e  
of  the  horseshoe  vo r tex  and the  s p a t i a l  e x t e n t  of  t h e  i n t e r a c t i o n  a re  
dominated by i n v i s c i d  f low and on ly  weakly dependant  on t h e  Reynolds 
number. Hung [32]  a l s o  noted t h a t  by changing the  b l u n t  f i n  t o  a f l a t  
f aced  f i n  t h e  e x t e n t  o f  s e p a r a t i o n  in c r e a s e d  d r a s t i c a l l y ,  and t h e  main 
horseshoe  vo r tex  b i f u r c a t e d  in to  two v o r t i c e s  r o t a t i n g  in  t h e  same 
d i r e c t i o n .
2 .2 .2  High Speed C o n t r o l l e d  J u n c tu r e  Flows
Very l i t t l e  work i s  done in  high speed c o n t r o l l e d  j u n c t u r e  f low s .  
P r ice  and S t a l l i n g s  [17] and S t o l l e r y  [33]  s tu d i e d  t h e  e f f e c t  o f  f i n  
sweep in  t u r b u l e n t  boundary l a y e r s  and noted t h a t  t h e  s e p a r a t i o n  of  
th e  f low ahead o f  t h e  f i n  can be reduced d r a s t i c a l l y  by l ea d ing  edge
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sweep. Gai tonde and Knight [34]  s tu d i e d  n une r ica l  ly  t h e  e f f e c t  of  
s u c t io n  to  c on t ro l  the  sharp f i n / f l a t  p l a t e  j u n c t io n  f low.  The compu­
t a t i o n  i n d i c a t e d  t h a t  t h e  p a r t i c u l a r  bleed schedule  of  f i v e  pe rc e n t  
employed in  the  s tudy  was in ca p a b le  of  c o n t r o l l i n g  o r  s i g n i f i c a n t l y  
modifying t h e  u n d e s i r a b le  s e p a r a t i o n  and t h e  l a r g e  v o r t i c a l  s t r u c t u r e .  
I t  may be p o s s i b l e  t o  s i g n i f i c a n t l y  i n f l u e n c e  the  f low f i e l d  by minor 
m o d i f i c a t i o n s  t o  t h e  c o n f i g u r a t i o n  such as r a i s i n g  t h e  f i n  a s l i g h t  
d i s t a n c e  from the  f l a t  p l a t e  could p rov id e  i n t e r e s t i n g  r e s u l t s .
2 .3  Turbulence Modeling f o r  Ming/Body Junc tu re  Flows
Complex f lows o f  t h e  ty p e  found in  wing/body j u n c t i o n  a r e  marked­
ly  i n f luenced  by t h r e e - d i m e n s i o n a l i t y ,  p r e s s u r e  g r a d i e n t s ,  and v i scous  
and t u rb u le n c e  e f f e c t s .  An im por tan t  e f f e c t  o f  c a l c u l a t i n g  t h e  f low 
d es c r ib ed  above i s  t u r b u l e n c e  model ing .  The s im p le s t  model used f o r  
t h e  c a l c u l a t i o n  o f  t u r b u l e n t  s h e a r  f lows a re  a l g e b r a i c  eddy v i s c o s i t y  
models [ 3 5 ] .  These models have been employed p r im a r i l y  f o r  c a l c u l a t ­
ing two-dimensional  f low s .  However, t h e  f o rm u la t ion  o f  eddy v i s c o s i t y  
models c o n ta in  a l a r g e  amount o f  empi r ic ism t h a t  i s  g e n e r a l l y  not  
v a l i d  in  complex th re e -d im e n s io n a l  f low s .  Three o t h e r  t y p e s  o f  t u r b u ­
lence  models have been developed in  t h e  l i t e r a t u r e  t h a t  a re  a p p l i c a b l e  
t o  j u n c t i o n  f low ,  such as two-equa t ion  models [ 3 6 ] ,  a l g e b r a i c  Reynolds 
s t r e s s  models [ 3 7 ] ,  and th e  f u l l  Reynolds s t r e s s  t r a n s p o r t  e q u a t ions  
[ 3 8 ] .  Of t h e  models a v a i l a b l e ,  on ly  t h e  a lg e b r a i c  eddy v i s c o s i t y  
model and the  two e qua t ion  models have been employed in  t h e  compu­
t a t i o n  o f  wing/body j u n c t i o n  f low [ 3 9 ] .  The a p p l i c a t i o n  o f  t h e  f u l l  
Reynolds s t r e s s  t r a n s p o r t  e q u a t io n s  to  th re e -d im e ns iona l  f lows invo lve  
t h e  s o l u t i o n  of  s ix  a d d i t i o n a l  p a r t i a l  d i f f e r e n t i a l  e q u a t io n s  f o r  the
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s t r e s s e s  and g r e a t l y  i n c r e a s e  t h e  computa t iona l  e f f o r t  r e q u i r e d .  The 
a l g e b r a i c  Reynolds s t r e s s  models have been developed as an a t t r a c t i v e  
a l t e r n a t i v e  t o  t h e  f u l l  Reynolds  s t r e s s  e q u a t i o n s .  However, t h i s  
model has not  been r e f i n e d  s u f f i c i e n t l y  t o  make them a p p l i c a b l e  t o  
t h r e e -d im e n s io n a l  f low f i e l d s .  In p a r t i c u l a r ,  more work needs t o  be 
done be fo re  t h e s e  models can a dequa te ly  compute t h e  near  wall  
t u r b u l e n c e .
The l i t e r a t u r e  review i n d i c a t e s  t h a t  most o f  t h e  experiments  
c a r r i e d  out  in  the  j u n c t i o n  f low lack  d e t a i l e d  measurements in  t h e  
s e p a r a t e d  f low reg ion  and do n o t  s u f f i c i e n t l y  p o r t r a y  t h e  s t r u c t u r e  of  
t h e  v o r t i c a l  f low.  The same l e v e l  of  c r i t i c i s m  can be l e v e l l e d  
a g a i n s t  t h e  p rev ious  computa t iona l  s t u d i e s  in  t h a t  t h e y  f a i l  t o  
examine t h e  e f f e c t  o f  g r i d  r e f inem en t  and tu rb u l e n c e  model in  t h e  f low 
f i e l d  s i m u l a t io n .  Although t ec h n iq u es  f o r  c o n t r o l l i n g  t h e  j u n c t i o n  
f low have been s tu d i e d  e x p e r i m e n t a l l y  and c o m p u ta t io n a l ly  in  t h e  p a s t ,  
q u a n t i t a t i v e  i n fo rm a t ion  about  t h e i r  e f f e c t  on t h e  vo r te x  s t r e n g t h  i s  
l ac k ing  in most o f  t h e  e a r l i e r  s t u d i e s .
The pr imary  o b j e c t i v e  o f  t h e  p r e s e n t  s tudy  i s  t o  o b t a i n  f u r t h e r  
unde rs t and ing  of  t h e  s t r u c t u r e  o f  r e s u l t i n g  t h re e -d im e n s io n a l  se pa ­
r a t i o n  and t o  compute t h e  j u n c t i o n  f low with s u f f i c i e n t  r e s o l u t i o n .
The s p e c i f i c  o b j e c t i v e  of  t h e  s tudy  i s  t o  i n v e s t i g a t e  nu m e r i c a l ly  t h e  
e f f e c t  o f  f i l l e t s  and sweep in  c o n t r o l l i n g  t h e  j u n c t u r e  horse shoe  
vo r te x  and t o  p rov ide  q u a n t i t a t i v e  in fo rm a t ion  on t h e  amount o f  weak­
ening  of  t h e  v o r te x .
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Chapter 3
PHYSICAL MODEL AND THEORETICAL FORMULATION
In t h i s  c h a p t e r ,  a b r i e f  d e s c r i p t i o n  o f  t h e  governing  p a r t i a l  
d i f f e r e n t i a l  e q u a t io n s  r e p r e s e n t i n g  t h e  f low ,  a long with t h e  boundary 
and i n i t i a l  c o n d i t i o n s  employed in  t h e  p r e s e n t  s tudy  a r e  p r e s e n t e d .  
The t h e o r e t i c a l  fo rm u la t io n  o f  t h e  problem s t a r t s  wi th t h e  nondimen- 
s io n a l  form of  t h e  com press ib le  t h re e -d im e n s io n a l  Nav ie r -S tokes  equa­
t i o n s  c a s t  in  t h e  g e n e r a l i z e d  b o d y - o r i e n te d  c o o r d i n a t e  system. B r i e f  
d i s c u s s i o n s  on th e  t u r b u l e n c e  model ,  mesh system, and t h i n - l a y e r  
approximation  a re  a l s o  p rov ided .
In t h e  absence o f  body f o r c e s  and sou rc e  t e r m s ,  t h e  govern ing 
eq u a t io n s  f o r  t h e  c o n s e r v a t io n  o f  mass ,  momentum, and energy  in  a 
s t a t i o n a r y  c o n t r o l  volume v, surrounded  by a c o n t r o l  s u r f a c e  S, can 
be expres sed  in  i n t e g r a l  form as [40]
3.1 Governing Equat ions  in  Non-Dimensional Form
(3 .1 )
where
E = e. + — (u + v + w ) 
2
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b = 0  
-P
- l
C = -  x d iv  jj J  -  {i [ ( g r a d  _u) + (grad  ju)T]
- l  - i
bg = -  y (Re Pr) y grad e .  + p£  + Re £*_u
The n o n d im e ns iona l iz a t ion  o f  t h e  govern ing  e q u a t io n s  i s  c a r r i e d  ou t  by 
n o rm a l iz ing  th e  c a r t e s i a n  v e l o c i t y  components (u ,v ,w)  by sound speed 
a , t he  d e n s i t y  p by p , t h e  s p e c i f i c  i n t e r n a l  energy  e .  and th e00 oo . 1
2 2 
t o t a l  ene rgy E by a^ ,  and p by p^ .  The v i s c o s i t y  c o e f f i ­
c i e n t s  X and y a re  normal ized with r e s p e c t  t o  t h e  molecu la r
v i s c o s i t y  y . The c o n s t a n t  y ,  i s  t h e  r a t i o  of  s p e c i f i c  h e a t s ,  Re 
00
i s  the  Reynolds number based on f r e e s t r e a m  v e l o c i t y ,  and Pr i s  t h e  
P rand t l  nunber .  The d e n s i t y  p ,  s t a t i c  p r e s s u r e  p and t h e  i n t e r n a l  
energy e^ a re  r e l a t e d  through th e  f o l low ing  e q u a t io n s  o f  s t a t e :
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where T i s  normalized by th e  f r e e s t r e a m  s t a t i c  t e m p e ra t u re .
Equat ion  (3 .1 )  i s  a s imple exp re s s io n  f o r  t h e  b a s ic  c o n s e rv a t io n  laws 
o f  f l u i d  f low and i s  v a l i d  f o r  a g lobal  co n t ro l  volume and a l s o  f o r  
each l o c a l l y  d i s c r e t i z e d  c o n t r o l  volume ( i ,  j ,  k) shown in F ig .  3 .1 .  
For the  sake of  n o t a t i o n a l  conven ience ,  t h e  s u p e r s c r i p t  wi thou t  a 
pr ime i s  used f o r  the  t ransfo rmed  c o o r d i n a t e  ( x ^ x ^ x 3 ) i n te r ch a n g e ­
able  with the  loca l  c o o rd i n a t e s  (5 , n ,  c )  and th e  s u p e r s c r i p t  with a 
pr ime i s  used f o r  the  global  c o o r d i n a t e s  ( x , y , z ) .  A s i m i l a r  n o t a t i o n  
convent ion  i s  used f o r  a l l  o t h e r  t e n s o r  q u a n t i t i e s .  For example,  
u 1 = (u1 .u2 .u3 ) = ( u ,v ,w ) .
The p a r t i a l  d i f f e r e n t i a l  eq u a t io n  corresponding  t o  Eq. (3 .1)  
w r i t t e n  in  t e n s o r  convent ion i s  expres sed  as fo l lows :
—  ta (g)1/23 + —  [ s i  + !>)• g1' 2* 1! ' 0 <3'5)
8 t  3X*
or
! > t  + - ’ i = 0
1 / 2 i _, 1 / 2 i
where .g s £  (g) , £  h [ (£  u + ]))• (g ) £  J
In eq.  (3 .5 )  (g1 / 2 ) i s  the  Jacobian  and £  i s  t h e  c o n t r a v a r i a n t
base  v e c to r  in  t h e  x 1 d i r e c t i o n .  Here,  t h e  E i n s t e in  summation con­
ven t ion  i s  used f o r  r ep e a te d  i n d i c e s .  Since Eq. (3 .5)  i s  a
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Fig .  3 .1  A hexahedron f i n i t e  volume v ( i , j , k )  with  c o o r d i n a t e  systems
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
homogeneous e q u a t io n  in  i t  can be w r i t t e n  as
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q , t  + j b ’ -j = ° ’ S. = l » t  ^  H ( 3 *6)
Equat ion (3 .6 )  p rov id es  t h e  b a s i s  f o r  the  i m p l i c i t  p rocedu re .  Writ ing 
Eq. ( 3 .5 )  e x p l i c i t l y ,  one has
c o n t i n u i t y
[ ( g )  p ] » t  + [ p M g )  ££’]»£ = 0  (3 .7a)
•j1
momentum f o r  x d i r e c t i o n
[ ( g ) 1 / 2  p u 1 '] , t  + { p ^ u  • ( g ) 1 / 2  + p (g ) 1/ 2 g | i . )
M Do' 1 1 3U0 ' , nvl / 2  £Re A ------- (g)  9 ( i ' )
n 1
8 X
- Vi Re V [ ----- — (g)  9 ( n ' )
3xn 3X
—  (g)  g*n . ) ] } . £ = o ( 3 . 7b)
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energy
r ,  , 1 / 2  -  .  ,  ,  . , 1 / 2  0
[ ( g )  p E ] , + { (pE + p ) u . ( g )  £
yM i / 9  ft M A i / 9  aCO u 1 / \ Z 00 j«  / \ ZIf (g)  g* -   d iv  u_ u. • (g) £
Re P r 3 x '  ( i , )  Re
M»" ,  m'3u” ' ,  l  . m' 3 u n ' , i / 2  j .  u  _ n „  7 r ,
 [ u  -----  (g)  9 ( 1^ ' )  + u   (9) 9 (n • j »£, _ ® (3 .7c)
k m1Re 3 xK 3 x"1
0 £
where 9 ^ i j  1S th e  component o f  t h e  c o n t r a v a r i a n t  base v e c to r  £
■5 I
along th e  x d i r e c t i o n  and g^, i s  t h e  c o n t r a v a r i a n t  u n i t  base 
v e c to r .
The above system o f  e q u a t i o n s  i s  assuned t o  be v a l i d  f o r  t u rb u ­
l e n t  f lows i f  t h e  m o lecu la r  t r a n s p o r t  c o e f f i c i e n t s  a re  r e p l a c e d  by
u = ^  + u t
Pr Pr Pr. £ t
(3 .8a)
(3.8b)
where u .^ r e p r e s e n t s  t h e  t u r b u l e n t  eddy v i s c o s i t y  and Pr^. t h e  t u r b u ­
l e n t  Prand t l  number. The m olecu la r  dynamic v i s c o s i t y  i s  e v a lu a te d  
using  t h e  S u t h e r l a n d ' s  law o f  v i s c o s i t y .
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3 .2  Turbulence  Model
A t u r b u l e n c e  model f o r  t h e  t h re e -d im e n s io n a l  c o n f i g u r a t i o n  o f  
F ig .  2 .2 i s  compl ica ted  and i s  s t i l l  under  development .  As z *■ ~ 
t h e  f i n  s u r f a c e  i n f l u e n c e s  t h e  t u r b u l e n c e ;  on the  othe rhand  as z 0 
t h e  t u r b u l e n c e  i s  dominated by t h e  f l a t  p l a t e  s u r f a c e .  In t h e  j u n c ­
t i o n  between th e  f i n  and f l a t  p l a t e ,  t h e  e f f e c t  o f  t u rb u l e n c e  i s  t r u l y  
t h r e e - d i m e n s i o n a l .  The t w o - l a y e r  t u r b u l e n t  eddy v i s c o s i t y  model o f  
Baldwin and Lomax [35] i s  ex tended t o  g e n e ra l i z e d  c o o r d i n a t e s  t o  
de te rm ine  t h e  t u r b u l e n t  t r a n s p o r t  c o e f f i c i e n t s .  This model i s  
p a r t i c u l a r l y  advantageous f o r  c e r t a i n  shock-induced s e p a r a te d  f lows 
t h a t  c o n t a i n  a m u l t i p l e  r e g i o n  in  which t h e  leng th  s c a l e s  a re  no t  
c l e a r l y  d e f i n e d .  However, t h e  p r e s e n t  work does not  account  f o r  the  
a m p l i f i c a t i o n  o f  t u r b u l e n t  i n t e n s i t y  a f t e r  a sudden compression o f  t h e  
f low through  t h e  bow shock wave. The implementat ion of  more r e a l i s t i c  
t u r b u l e n c e  models f o r  t h e  p r e s e n t  work awai ts  f u r t h e r  s tu d y .
In each (J-K) p l a n e ,  t h e  computa t iona l  domain i s  l i k e  a c o r n e r  
formed by two p e rp e n d i c u l a r  w a l l s  a s  ske tched  in  Fig.  3 .2 .  For  t h e  
sake o f  convenience c o o r d i n a t e s  ( y , z )  a re  used to  d e f i n e  each (J-K) 
p l a n e .  The tw o - la y e r  a l g e b r a i c  t u r b u l e n c e  eddy v i s c o s i t y  model i s  
app l i ed  in each reg ion  in  t h e  f o l l o w in g  manner.
Inner  Region
F o r  t h e  i n n e r  r e g i o n ,  t h e  eddy v i s c o s i t y  model i s  e xp res sed  as
2
e i n n e r
p (k  l D) |w|
F -------------------------------------------------------------------------------------  — -------------  '
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F ig .  3 .2  D e f i n i t i o n  o f  f o u r  r e g i o n s  in  (J-K) p lane
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where k = 0 .4  i s  Von Karman's c o n s t a n t ,  I i s  B u leev ' s  l e n g t h  s c a l e  
[ 4 1 -4 3 ] ,  D i s  t h e  Van D r i e s t  damping f a c t o r  and oi i s  t h e  a bso lu te





3 V 3 w
2 2
(3 .10)
The general  d e f i n i t i o n  o f  t h e  Buleev l eng th  s c a l e  i s
- l
(3.11)
where s d e f i n e s  t h e  d i s t a n c e  from t h e  f i e l d  po in t  ( x , y , z )  t o  a p o i n t  
on th e  boundary,  and 4> i s  t h e  p h e r i p h e ra l  angle  as shown in F ig .
3 .3 .  For a two-dimensional  e x t e r n a l  c o rn e r  f low,  t h e  Buleev l eng th  
s c a l e  £ i s  t h e  d i s t a n c e  normal t o  t h e  s u r f a c e .  For an open c o rn e r  
formed by two or thogonal  p l a n e s ,  t h e  Buleev leng th  s c a l e  i s  g iven  by
This formula i s  des igned  t o  account  f o r  t h e  s i z e  o f  t u r b u l e n c e  e d d ie s  
or  t h e  t u r b u l e n c e  mixing l e n g t h  n e a r  t h e  co rn e r  under t h e  i n f l u e n c e  of  
both w a l l s .
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I 2yz (3 .12)
1 / 2
y + z + (y2 + z2)
27
X.Y.Z
Fig .  3 .3  D e f i n i t i o n  o f  Buleev l e n g t h  s c a l e
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Outer  Region
In t h e  o u t e r  r eg ion  t h e  o u t e r  eddy v i s c o s i t y  i s  given  by
28
e o u t e r  = pK *"cp Fwake Fk leb  (3.13)
where K i s  t h e  Clauser  c o n s t a n t ,  C i s  an a d d i t i o n a l  c o n s t a n t ,cp
The o u t e r  wake f u n c t i o n ,  Fwaj( e * i s de f ined  by
F a. = t h e  s m a l l e r  of  j £,nax Fm| x* (3.14a)
waKe I r  o u /F
1 wk max e max.
The q u a n t i t y  F i s  t h e  maximum va lue  o f  F(y) t h a t  occu rs  i n  affldX
p r o f i l e  and I i s  t h e  maximum v a lue  o f  l  where t h e  maximum v a lue  max
o f  Fo u t e r  o c c u r s * The r e l a t i o n  f o r  FQuter  i s
F o u t e r  "  * “  D ( 3 ' 14b)
The wake f u n c t i o n  i s  a product  o f  a l eng th  s c a l e  and the
v e l o c i t y  s c a l e  F r e p r e s e n t a t i v e  of  t h e  e n e rg y - c o n ta in i n g  ed d ie s  
mcLX
in  t h e  o u t e r  p o r t i o n  o f  t h e  boundary l a y e r .  In e f f e c t ,  t h e  d i s t r i ­
bu t ion  of  v o r t i c i t y  i s  used t o  de te rmine  leng th  s c a l e s  so t h a t  t h e  
need t o  f i n d  t h e  boundary l a y e r  edge i s  e l i m i n a t e d .  The Klebanoff  
i n t e r m i t t e n c y  f a c t o r  i s  given by:
- 1
(3 .15)
kleb U )  = l l  + 5.5
Ckleb£
max
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where C^- j^  i s  a c o n s t a n t .  The q u a n t i t y  Ue i s  t h e  d i f f e r e n c e  
between maximum and minimum t o t a l  v e l o c i t y  in  t h e  p r o f i l e .
Ue = (VU2 + V2 + ) „ a x  - ( V u2 + v2 + w2 ) min (3.16)
The second term in Ug is  t aken  t o  be zero  (except  in  wakes) .  The 
numerical  va lue  o f  t h e  c o n s t a n t s  appear ing  in  t h e  fo re g o in g  r e l a t i o n  
a re  given as fo l low s :
K = 0.0168,  C = 1 .6 ,  C. . . = 0 .3  . cp kleb
The inner  and o u te r  eddy v i s c o s i t y  laws a re  combined t o  form t h e
compos i te  t u r b u l e n c e  eddy v i s c o s i t y  model in  t h e  fo l low ing  manner.
F i r s t ,  p r o f i l e s  o f  e .  and e . are  determined  on each co-  ’ r  inner  o u t e r
o r d i n a t e  l i n e  or thogonal  t o  t h e  boundary.  The f i r s t  p o in t  n e a r e s t  t o
t h e  boundary where e -jnner exceeds e o u t e r  i s  denoted t h e  " c r o s s - o v e r
p o i n t . "  The t u r b u l e n t  v i s c o s i t y  e i s  equal t o  e^nner  f ° r  t h e
p o i n t s  in  t h e  reg ion  between t h e  boundary and t h e  c ro s s o v e r  p o i n t ,  and
i s  equal  t o  e , f o r  a l l  t h e  p o i n t s  above and in c l u d in g  t h e  o u t e r
c ro s s o v e r  p o i n t .
In t h e  v i c i n i t y  o f  t h e  c o r n e r ,  t h e  (J-K) p lane  i s  d iv ide d  i n t o  
fou r  r e g io n s  I ,  I I ,  I I I  and IV as shown in F ig .  3 .2 .  In r eg io n s  I and 
I I ,  D i s  e v a lu a t e d  a t  z = 0. The sea rch  f o r  F and t h e  c o r -UIcIa
responding  proceeds from t h e  w a l l ,  e i t h e r  from y = 0  f o r
r e g io n  IV, o r  from z=0 f o r  r eg ion  I .  The va lues  of  FmflX in  r eg ion  
I I  and I I I  a re  t r e a t e d  as c o n s t a n t s  equal t o  t h e  va lue  o f  F a t  MMl a a
and N, r e s p e c t i v e l y .
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3 .3  Thin Layer Approximation
P r a n d t l ' s  c l a s s i c a l  boundary l a y e r  e q u a t io n s  are  ob ta ine d  from 
t h e  f u l l  Navie r-S tokes  e q u a t io n s  by performing an o r d e r  o f  magnitude 
a n a l y s i s  o f  t h e  terms and n e g l e c t i n g  terms of  t h e  o r d e r  o f  the  i n v e r s e  
power o f  t h e  Reynolds number. Thi s  procedure l eads  t o  (1) n e g le c t i n g  
th e  s treamwise d i f f u s i o n  compared to  normal d i f f u s i o n ;  ( 2 ) t h e  
rep lacem ent  o f  a normal momentum e qua t ion  w i th  t h e  a s sunp t ion  o f  zero 
p r e s s u r e  g r a d i e n t  ac ross  t h e  boundary l a y e r  t h i c k n e s s .  The concep t  o f  
t h i n - l a y e r  approximation t o  t h e  f u l l  Navie r-S tokes  e q u a t io n  i s  s i m i l a r  
to  t h e  boundary l a y e r  approximation  with t h e  on ly  excep t ion  o f  r e t a i n ­
ing a l l  t h r e e  momentum e q u a t i o n s .  This  p rocedure  makes no assumption 
about  t h e  p r e s s u r e  v a r i a t i o n  ac ro s s  t h e  boundary l a y e r  t h i c k n e s s .  The 
t h i n - l a y e r  approximation i s  p a r t i c u l a r l y  advantageous f o r  computing 
c e r t a i n  high Reynolds number f lows and se p a r a te d  t u r b u l e n t  f lows 
because  i t  removes t h e  t roub lesome s i n g u l a r i t i e s  encounte red  a t  the  
s e p a r a t i o n  p o in t s  and p e rm i t s  s t r a i g h t  forward computation o f  s e pa ­
r a t e d  f low s .  As a r e s u l t  o f  t h e  t h i n - l a y e r  approximat ion ,  t h e  govern­
ing e q u a t io n s  become simple and l e s s  complica ted  than  t h o se  based on 
approximat ions  t h a t  a t t empt  t o  use s t reamwise g r a d i e n t s  p a r a l l e l  to  
t h e  body s u r f a c e .  The c o n s id e r a b l e  s i m p l i f i c a t i o n  in  numerical  a lgo ­
r i t h m  and phys ica l  concept  m o t iv a t e  the  s t r a i g h t  forward implementa­
t i o n  o f  the  approximation i n t o  computer codes f o r  high Reynolds number 
f lo w s .
In t h e  p r e s e n t  r e s e a r c h  work t h i s  concep t  i s  ex tended in  a l l  
t h r e e  c o o rd i n a t e  d i r e c t i o n s  f o r  a gene ra l  c o o rd in a te  sys tem. All t h e  
v i s c o u s  terms c o n ta in in g  t h e  c r o s s  d e r i v a t i v e s  82 / 8 x 13xJ when i * j  
a r e  ne g le c te d  while  r e t a i n i n g  t h e  normal d e r i v a t i v e s  32 / a x 13xJ when
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i = j  in each d i r e c t i o n .  For example,  a long each c o o rd i n a t e  




x ( g ) 1/ 2 g2 ( i 1)
neg lec ted r e t a i n e d n e g le c te d
3 U1 ' 3  X1 + 3 U 1 ' 3 X 2* -------r +
3 u 1 ' 3 x 3 • -
3 X 1 3 X1 3 x 2 3 X1 3 x 3 3 X 1
3  U2- _• 3  X1 + 3 u 2 3 x 2* ------ r +
3 U2 3 x 3
• ------ r
3 X 1 3 X2 3 x 2 3  X2 3 X 3 3  X2
3 u 3 3  X1 + 3 u 3 3 X 2  * ------ r +
3 U3 3 x 3
• ------ r
3 X 1 3 X3 3 x 2 3  X3 3 X 3 3 x 3
3
3x2
f  ,  ,  v1 / 2  O / 3 U 1 3 X2 3 u 2  3 x 2  . 3 u 3 3 x 2. . .  + X (g) g2, . , x X [   .  - - - - , + - - - - - - -  .   , +
|_ '  ' 1 3 X 2  3 X1 3 X 2  3 X 2 3 X2  3 x 3 “ ]
The above exp re s s io n  can be e xpres sed  in t e n s o r  form f o r  each X - 
d i r e c t i o n  as fo l low s :
3x
—  x ( g ) 1 / 2 g^
2. n 1 3x* 3x
(3 .17)
( i 1 ) + -  -
I t  should be n o ted ,  t h a t  n o t  a l l  t h e  r e t a i n e d  terms a r e  l a r g e r  
than the  ne g le c te d  te rm s .  Re ten t ion  of  a l l  t h e  second o r d e r  normal 
d e r i v a t i v e  terms make t h e  approximation  conven ien t  and c o n s i s t e n t  such 
t h a t  a l l  dominant terms a re  r e t a i n e d  f o r  a genera l  c o o rd i n a t e  system 
excep t  a t  t h e  j u n c t u r e  between two w a l l s .  Near t h e  j u n c t u r e  between
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two w a l l s  t h e  n e g le c te d  c r o s s  d e r i v a t i v e s  can be o f  t h e  same o r d e r  of
magnitude as t h e  normal d e r i v a t i v e s .  But t h e  f low a t  t h e  j u n c t u r e
c a r r i e s  wi th  i t  a low momentun f l u i d  and hence n e g l e c t i n g  t h e  c r o s s  
d e r i v a t i v e s  w i l l  not  a l t e r  s i g n i f i c a n t l y  t h e  b a s i c  phys ic s  o f  t h e  f low 
f i e l d .  When no t  needed (because  o f  t h e  absence o f  a t h i n  shear  
l a y e r ) ,  t h e  v i sc o u s  terms can be c om ple te ly  n e g le c te d  in  any p a r t i c u ­
l a r  d i r e c t i o n ,  and t h e  p r e s e n t  a lgo r i thm  w i l l  reduce  back t o  a t h i n -  
l a y e r  approximation f o r  t h e  p resence  o f  v i scous  s h e a r  l a y e r s  in two o r  
o n ly  one d i r e c t i o n .
3 .4  Mesh System
For s imple c o n f i g u r a t i o n s  l i k e  swept and sharp  f i n s  on a f l a t
p l a t e ,  an a lg e b r a i c  g r id  g e n e ra t i o n  t ec hn ique  i s  used t o  g e n e ra te  the
mesh. This  t ec hn ique  o f f e r s  an e a sy  c o n t r o l  o f  t h e  g r i d  spacing  and
d i s t r i b u t i o n .  A modif ied e l l i p t i c  g r i d  g e n e r a t i o n  t ec h n iq u e  [44] with
d i r e c t  c o n t r o l  over  t h e  g r i d  spac ing  i s  used t o  g e n e r a t e  t h e  mesh a t  a
f i l l e t e d  f i n / f l a t  p l a t e  j u n c t i o n .  The eq u a t io n  o f  t h e  super  e l l i p s e
(A)n + ( I.)n = 1, i s  used t o  g e n e ra t e  t h e  g r i d  f o r  c i r c u l a r  and 
a b
c on t inuous  f i l l e t s  in  t h e  p lane  o f  synmetry .  The th re e -d im e n s io n a l  
g r id  f o r  a sharp  f i n  (F ig .  3 .4)  i s  o b ta ine d  by s im ply  s t a c k in g  
h o r i z o n t a l  g r i d  in  t h e  d i r e c t i o n  normal t o  t h e  f l a t  p l a t e  s u r f a c e .
The t h re e -d im e n s io n a l  g r id  s t r u c t u r e  f o r  a swept and f i l l e t e d  f i n  
(F ig .  3 .5  and 3 .6 )  i s  ob t a in e d  by s imply r o t a t i n g  th e  g r i d  in the  
plane  o f  symmetry about t h e  c e n t e r  o f  t h e  f i n  l ead ing  edge.  The g r id  
i s  c l u s t e r e d  nea r  t h e  f i n  and p l a t e  s u r f a c e s  us in g  an e xponen t i a l  g r id  
s t r e t c h i n g  formula t o  p rovide  adequate  r e s o l u t i o n  o f  t h e  v i scous
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Fig .  3 .4  Mesh d i s t r i b u t i o n  on sharp  f i n  and f l a t  p l a t e




Fig .  3 .5  Mesh d i s t r i b u t i o n  on swept  f i n  and f l a t  p l a t e




Fig .  3 .6  Mesh d i s t r i b u t i o n  on f i l l e t e d  f i n  and f l a t  p l a t e
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e f f e c t s .  Since t h e  f low i s  assumed t o  be s teady  and symmetr ical  on ly  
o n e - h a l f  o f  t h e  f low i s  computed.
3.5 Boundary Condi t ions
The phys ica l  boundary c o n d i t i o n s  t o  be imposed a re  problem 
dependent .  At p r e s e n t ,  t h e  3D Navie r-S tokes  code has  been app l i ed  t o  
b lu n t  f i n / f l a t  p l a t e  g e o m e t r i e s .  In t h i s  c a s e ,  a su p e r s o n ic  laminar  
boundary l a y e r  deve lops on t h e  f l a t  p l a t e .  The d e f l e c t i o n  o f  t h e  f i n  
l ea d ing  edge g e n e r a t e s  a bow shock wave which i n t e r a c t s  w i th  the  
boundary l a y e r  on t h e  f l a t  p l a t e .
The boundary c o n d i t i o n s  a p p l i e d  may be c a t e g o r i z e d  as  f o l low s :
3 .5 .1  Inf low Boundary
The incoming f low i s  su p e r s o n ic  ( excep t  in  t h e  subson ic  p o r t i o n  
of  t h e  boundary l a y e r )  and t h e  in f low  boundary i s  e s s e n t i a l l y  perpen­
d i c u l a r  t o  t h e  oncoming f lo w .  Consequent ly  a l l  f low c h a r a c t e r i s t i c s  
p o in t  from o u t s i d e  towards t h e  computat ional  domain and t h e  a p p r o p r i ­
a t e  boundary c o n d i t i o n  i s  t o  s p e c i f y  u,  v,  w, p and e ^ . For t h e  3-D 
b lun t  f i n ,  t h e  upstream boundary l a y e r  p r o f i l e  i s  ob t a in e d  from a two- 
dimensional  com press ib le  boundary l a y e r  code [ 4 5 ] .
3 . 5 .2  Outf low Boundary
The ou tgoing  f low i s  assumed t o  be s upe rson ic  ( e x c e p t  in  t h e  
subson ic  p o r t i o n  o f  t h e  boundary l a y e r ) ,  and t h e  ou t f lo w  boundary i s  
e s s e n t i a l l y  p e r p e n d i c u l a r  t o  t h e  ou tgo ing  f low.  In t h i s  ca se  a l l  t h e  
f low c h a r a c t e r i s t i c s  p o in t  from i n s i d e  t o  o u t s i d e  o f  t h e  computat iona l  
domain, and thus  t h e  ou t f low  v a r i a b l e s  must be de te rmined  from th e
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i n t e r i o r  f low s o l u t i o n s  by z e r o t h  o r d e r  e x t r a p o l a t i o n .  The f i n  i s  
assumed to  be i n f i n i t e  in  l eng th  and he igh t  so t h a t  z e r o - g r a d i e n t  
boundary c o n d i t i o n s  a r e  a p p r o p r i a t e  a t  t h e  o u t e r  bounda r ie s  in t h e  
cor respond ing  d i r e c t i o n s .  The o u t e r  boundary o f  J = J i siTIaX
s i t u a t e d  f a r  enough to  avoid any i n f l u e n c e  on th e  i n t e r a c t i o n  r e g io n .  
T h e o r e t i c a l l y  one can p r e s c r i b e  a boundary l a y e r  p r o f i l e  on the  
i s o l a t e d  f l a t  p l a t e  a t  each  x - l o c a t i o n  along th e  o u t e r  boundary as 
shown in Fig .  3 .7 .  These p r o f i l e s  a r e  ob ta ined  from s o lv i n g  the  
compress ib le  boundary l a y e r  e q u a t io n s  f o r  f low over a f l a t  p l a t e .
3 . 5 . 3  S o l id  Boundary
At a s o l i d  wal l  boundary t h e  fo l lowing  boundary c o n d i t i o n s  are  
enforced
V»n = 0
I E -  o
an
(3.18)




where v = ( u ,  v ,  w) i s  t h e  c a r t e s i a n  v e l o c i t y  v e c t o r ,  p i s  t h e
s t a t i c  p r e s s u r e ,  T i s  t h e  s p e c i f i e d  wall t e m p e ra tu re ,  q i s  the  w w
s p e c i f i e d  wall hea t  f l u x  and k i s  t h e  c o e f f i c i e n t  o f  thermal  con­
d u c t i v i t y .  The boundary c o n d i t i o n  f o r  t h e  s t a t i c  p r e s s u r e  i s  an 
approximation t o  t h e  e x a c t  boundary c ond i t ion  d e r i v a b le  from t h e  
normal component o f  t h e  momentun e q u a t i o n s ,  and has been a pp l i e d  f o r  a 
v a r i e t y  o f  f lows invo lv ing  shock wave boundary l a y e r  i n t e r a c t i o n .
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U.
h*------------ X0 ----------------- H X * = ( X -X 0 )/D
Fig .  3 .7  Boundary l a y e r  p r o f i l e s  on th e  f l a t  p l a t e  a t
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3 . 5 . 4  Symmetry Boundary
The f i n  i s  a t  ze ro  angle  o f  a t t a c k ,  and t h e  f o l low ing  boundary 
c o n d i t i o n s  apply on t h e  plane  o f  symmetry.
V.n = 0
3(pVxn) _ 0 
3n
! £  -  o
3n
—  = o 
3n
(3.19)
3.6 I n i t i a l  Condi t ions  and Blunt Body S t a r t i n g  Condi t ions  
The s im p l e s t  way t o  s t a r t  a computat ional  s o l u t i o n  i s  by assuming 
t h a t  a l l  i n i t i a l  c o n d i t i o n s  are  t h e  same as t h e  incoming f low 
s o l u t i o n s .  This  may r e s u l t  in  over  compression nea r  t h e  s t a g n a t i o n  
reg ion  fo l lowed by an over  expansion around th e  s h o u ld e r .  This may 
cause  t h e  numerical  scheme t o  become u n s t a b l e ,  t h e r e b y  r e s u l t i n g  in  
ne g a t iv e  d e n s i t y .  To avoid t h i s ,  Pul l iam and S tegar  [46] used a small 
t im e  s t e p  d u r ing  s t a r t - u p  by g r a d u a l l y  en fo rc ing  t h e  no s l i p  wall  
boundary c o n d i t i o n .  Rizk,  Chaussee, and McRae [47] t r e a t e d  t h e  bow 
shock as a d i s c o n t i n u i t y  and s t a r t e d  with an assumed p r e s s u r e  d i s t r i ­
b u t i o n ,  in a d d i t i o n  to  t h e  s o f t  s t a r t  t echn ique .  In t h e  p r e s e n t  
r e s e a r c h  work, a s imple formula  i s  employed t o  avoid over  expansion 
around th e  shou lde r  [ 4 0 ] .  As d e p ic t e d  in Fig.  3 .8  nea r  t h e  nose 
r e g i o n ,  t h e  normal v e l o c i t y  component i s  s e t  t o  zero  on t h e  s u r f a c e  o f




Fig .  3 .8  Region n e a r  t h e  nose f o r  s e t t i n g  b l u n t  body s t a r t i n g  
c o n d i t i o n s
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t h e  body a t  C, and then  in c r e a s e d  l i n e a r l y  t o  t h e  incoming f low 
v e l o c i t y  a t  a prede te rmined l o c a t i o n ,  say D. The formula f o r  v e l o c i t y  
a t  a p o i n t  between C and D i s
“ P " “ D " ^  " * /LCd ) (u. . _3") /g‘ (3.20)
where i s  the  f i x e d  l eng th  between two p o i n t s  C and D and I is
t h e  v a r i a b l e  l eng th  from t h e  s u r f a c e .  The d e n s i t y  and energy a re  s e t  
equal to  t h e  incoming f low c o n d i t i o n s .  This s imple device  may be 
i n t e r p r e t e d  as a d e f e c t  in  normal momentum and hence k i n e t i c  energy in  
th e  small r eg ion  near  t h e  b l u n t  nose .  This dev ice  a l l e v i a t e s  t h e  
nonphys ica l  f low f i e l d  development  and al lows l a r g e  t ime s t e p s  du r ing  
th e  s t a r t  up phase.  Though d i f f e r e n t  p o s s i b l e  boundary c o n d i t i o n s  
were d i sc u s s e d  th e  e x a c t  boundary c o n d i t i o n s  used in  t h e  p r e s e n t  s tudy  
are  t h e  same as given in t h e  p re v io u s  numerical  s tudy  o f  supe rson ic  
j u n c t i o n  f low [ 4 0 ] .
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Chapter  4 
METHOD OF SOLUTION 
In t h i s  s e c t i o n ,  t h e  f i n i t e  volume fo rm u la t io n  i s  developed f o r  
so lv in g  t h e  compress ib le  Nav ie r -S tokes  equa t ions  a t  high Reynolds 
number. The governing e q u a t io n s  a r e  i n t e g r a t e d  num er ica l ly  us ing  th e  
MacCormack's [48]  e x p l i c i t - i m p l i c i t  scheme in t ime s p l i t  f a s h i o n  t o  
reduce the  th re e -d im e n s io n a l  e q u a t i o n s  t o  t h r e e  s e t s  o f  l o c a l l y  one­
dimensional  e q u a t i o n s .
4.1 F i n i t e  Volume Formulat ion 
A f i n i t e  volume c e l l ,  indexed by ( i , j , k ) ,  i s  de f ined  by e i g h t  
co rner  p o in t s  connected with s t r a i g h t  l i n e s ,  as shown in F ig .  3 .1 .
Each edge o f  t h e  f i n i t e  volume c e l l  i s  i d e n t i f i e d  by a c o o rd i n a t e
1 ? 3
l o c a t i o n  (x t  ,Xj ,xk ) i n t e r c h a n g e a b le  wi th (c.j ,n j>Sk )» where 
x} = ?i = ( i - 1 )  AC, i = 1, IL
x j  = Hj = ( j - 1 )  An, j  = 1 , JL (4.1)
*k = c k = k = l f  KL*
and th e  g r id  spacing  along t h e  lo ca l  c o o rd i n a t e  d i r e c t i o n  i s  g iven by 
a x 1 = A ?  = 1 / ( IL -1 )
42
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(4 .2)
Ax3 s  AC = 1 / (KL-1)
The enc losed  s u r f a c e  o f  each f i n i t e  volume c e l l  c o n s i s t s  o f  a f am i ly
o f  t h r e e  c o o rd in a te  s u r f a c e s  t h a t  d e l i n e a t e s  t h e  hexahedronal mesh
c e l l .  The above formula  y i e l d s  a u n i t  cube f o r  the  t ransfo rmed  compu­
t a t i o n a l  domain. The cho ice  o f  a cube o f  u n i t  dimension in t h e  compu­
t a t i o n a l  domain i s  a r b i t r a r y ,  and th e  o t h e r  i n v e s t i g a t o r s  have chosen
the  l e n g th s  o f  each s id e  to  y i e l d  a x 1 = Ax2 = Ax3 = 1 so t h a t  t h e
1 / 2  - ,  .
volume o f  each computational c e l l  i s  given by dv = g Ax1 Ax2 a x 3 .
1 / 2
I t  should be understood in Eq. (3 .5 )  t h a t  g i s  t h e  volume o f  the
1 / 2  o
c e l l  dv ( i , j , k ) ,  t h e  term g g r e p r e s e n t s  the  c o n t r a v a r i a n t  
s u r f a c e  normal f o r  t h e  s u r f a c e  xA= c o n s t a n t  and u^  . g* i s  t h e  c o r r e ­
sponding c o n t r a v a r i a n t  v e l o c i t y  e v a lu a t e d  a t  t h e  bounding s u r f a c e s .
1 / 2  o %
T h e re fo re ,  in Eqs. (3 .7 )  (g)  g i s  the  s u r f a c e  a rea  f o r  X =
•j1
c o n s t a n t  p r o j e c t e d  on t h e  c a r t e s i a n  c o o rd i n a t e  o f  x = c o n s t a n t .
/  1 / 2 v 1 / 2  £In t h e  f i n i t e  d i f f e r e n c e  approach,  (g ) and g g are 
de f ined  a t  each g r id  p o in t  l o c a t i o n ,  and a re  t y p i c a l l y  eva lua te d  by a 
tw o - p o in t  c e n t r a l  d i f f e r e n c e  in a l l  t h r e e  d i r e c t i o n s .  This l e a d s  to  
an i n c o n s i s t a n c y  in t h e  volume and s u r f a c e  normal c a l c u l a t i o n s  such 
t h a t  t h e  geometry c o n s e r v a t io n  law i s  no t  s a t i s f i e d  and hence the  
d i f f e r e n c e  scheme cannot  r e c a p tu r e  t h e  f r e e  s t ream. This i n c o n s i s ­
t e n c y  does no t  occur  in t h e  p r e s e n t  approach.
Note t h a t  any o p e n -s u r fa c e  element  f o r  a given boundary e n c lo s ing  
t h e  s u r f a c e  has a un ique ,  e f f e c t i v e  s u r f a c e  v e c to r  t h a t  i s  inde ­
pendent of  the  shape of  t h e  s u r f a c e .  This i s  because ,  applying t h e
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d ivergence  theorem t o  a c o n s t a n t  v e c t o r ,  t h e  i n t e g r a l  o f  t h e  outward-  
o r i e n t e d  s u r f a c e  normal over  a c lo sed  s u r f a c e  van ishes  as given below
/ s  t  n ds  = V t  d v = 0 f o r  <f> = c o n s t a n t  (4 .3)  
For  example, t h e  s u r f a c e  v e c to r  S. 5 3 7 6  ^ 9 *  i s  independent  o f
th e  choice  of  which t h e  p a r t i t i o n i n g  s u r f a c e  diagonal  i s  used to  
d e f i n e  c e l l  volumes.  Indeed whether  a l l  t h e  f o u r  v e r t i c e s  l i e  in  a 
p lane or  n o t ,  t h e  e f f e c t i v e  s u r f a c e  v e c to r  i s  equal  t o  o n e - h a l f  the  
c r o s s - p r o d u c t  o f  i t s  d iagonal  segments ,  i . e . ,
§ 5 8 7 6  = 0*5 x ( r 75 x r8 6 ) (4 .4 )
Given e i g h t  co rner  p o i n t s  o f  each f i n i t e  volume c e l l ,  a simple
way t o  c a l c u l a t e  the  volume i s  t o  d i v i d e  each f a c e  i n t o  two p l an a r
t r i a n g l e s .  The volume i s  then  dependent  on which diagonal  i s  used on 
each f ace  s in c e  the  d i ag o n a l s  o f  f o u r  nonplana r  p o i n t s  do not  i n t e r ­
s e c t .  In o r d e r  f o r  ne ighbor ing  c e l l s  t o  be c o n t ig u o u s ,  w i thou t  o v e r ­
l a p s ,  ne ighbor ing  c e l l s  must have t h e  same s u r f a c e  p a r t i t i o n i n g .  In 
the  p resen t  s tu dy  a s imple formula developed by Kordul la  and Vinokur
[ 4 9 ]  i s  employed t o  c a l c u l a t e  t h e  volume o f  each c e l l  as
6  VOL = £71  *[ (£ 3 1  x £2 1 ) + (*[21 x D j i )  + (D* 1 X £31)
+ (Dsi  x D*i ) + ( [ 51  x £61)  + ( & 1  x Es i )]
= £71* [ ( ^ 3 1  x £2**) + C^81 x [ 5 2 ) + ^ 6 1  X 1* 5 )
= 2 r 7 1 . ( S j 4.32 + l l 2 8 5  + l l ‘t 6 s )
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With t h e  volume and s u r f a c e  e v a lu a t e d  in  i n t e g r a l  form,  Eq. (3 .5 )  
can be d i s c r e t i z e d  as
M i j  k
dvi,j,k -at- ’" + 5 C<4il + i> • 5] i,j,k = 0 (4-6)
where q.  • u i s  a v e c to r  o f  t h e  dependent  v a r i a b l e  lo c a t e d  a t  t h e  "I , J  ,  K
c e n t e r  o f  t h e  c e l l  and (q jj + J)) .  i s  t h e  c o r re spond ing  f lu x  eva lu-
ated a t  the  s u r f a c e  of  each f i n i t e  volume c e l l .  In t h e  p r e s e n t  s tudy ,
th e  d i s c r e t i z e d  f i n i t e  volume f o r m u l a t i o n ,  Eq. ( 4 .6 )  i s  used f o r
computat ion.  In l a t e r  d i s c u s s i o n s ,  f o r  the  purpose o f  e x p l a n a t i o n ,
Eq. (3 .5 )  w i l l  be used.  However, d e t a i l s  o f  terms which have t o  be
e va lua ted  are  based on Eqs. ( 3 .7 a )  - ( 3 . 7 c )  with c o r re spond ing  i n t e r ­
i m  . 1 / 2  i
p r e t a t i o n s  of  (g) as t h e  volume a t  t h e  c e n t r o i d  and (g)  £  as
t h e  s u r f a c e  normal e v a lu a te d  a t  t h e  boundary o f  each f i n i t e  volume
c e l l .
I t  i s  i n t e r e s t i n g  t o  see  t h a t  t h e  f i n i t e  volume f o r m u la t io n  does 
not  r e q u i r e  a g loba l  c o o r d i n a t e  t r a n s f o r m a t i o n .  In f a c t ,  t h e  only  
d a t a  needed concerning  t h e  mesh a r e  t h e  t h r e e  c a r t e s i a n  c o o r d i n a t e s  of  
each o f  t h e  e i g h t  v e r t i c e s  o f  e v e ry  c e l l  in t h e  mesh sys tem.
Moreover,  t h e  s u r f a c e  and volume o f  each c e l l  a re  wel l  d e f in e d  and 
c o n s i s t e n t l y  e v a lu a t e d ,  in  c o n t r a s t  t o  a f i n i t e  d i f f e r e n c e  approach 
where t h e  t r a n s f o r m a t io n  c o e f f i c i e n t  and th e  Jacobian a re  e v a lu a te d  
from su rrounding  p o i n t s .
1 / 2
In f i n i t e  volune f o r m u l a t i o n ,  only t h e  c e l l  volune (g)  and
1/2 jit he  s u r f a c e  normal (g ) £  a r e  needed f o r  i n v i s c i d  f low compu­
t a t i o n s .  To e v a lu a t e  t h e  v i sc o u s  t e r m s ,  t h e  d i s t a n c e  between two
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a d ja c e n t  mesh c e l l s  i s  needed.  In t h e  p r e s e n t  approach ,  i n s t e a d  of  
c a l c u l a t i n g  t h i s  d i s t a n c e  from th e  c e n t r o i d ,  t h e  v e c to r  between two 
a d j a c e n t  c e l l s  ( i , j , k )  and ( i + l , j , k )  ( s e e  Fig.  4 .1)  i s  s e t  in  t h e  same 
d i r e c t i o n  as the  su r f a c e  normal t o  t h e  s u r f a c e  Sb, and i s  ev a lu a te d  
by
s u * . s- b = l y  ■ ° - s <4- 7>
When shape v a r i a t i o n s  a re  l a r g e ,  a more a p p r o p r i a t e  formula  should be 
used f o r  e v a l u a t i n g  the m e t r i c s  as g iven  by t h e  fo l low ing  fo rm ula .
S l J . k  - ( § a t 2 § b  + 5c> ■ I 4 1 j t kl  15a  + 2 § b  + (4 .8 )
This imp l ie s  t h a t  in a v i scous  dominated r e g i o n ,  f o r  i n s t a n c e  nea r  t h e  
w a l l ,  t h e  g r i d  l i n e s  would be r e q u i r e d  t o  be n e a r l y  or thogonal  f o r  an 
a c c u r a te  e v a lu a t i o n  o f  v i scous  t e rm s .
4.2 E x p l i c i t  MacCormack Algorithm 
The MacCormack's e x p l i c i t  a lgo r i thm  i s  implemented us ing a syn- 
m e t r ic  sequence o f  time s p l i t  o p e r a t o r s .  The concept  o f  s p l i t t i n g ,  
g e n e r a l l y  known as t h e  method o f  a l t e r n a t i n g  d i r e c t i o n s ,  has been most 
p o p u la r ly  used to  s p l i t  t h e  complex o p e r a t o r s  i n to  a sequence o f  
s im p le r  ones .  This  concept  i s  a p p l i e d  he re  t o  reduce  t h e  s e t  o f  
th re e -d im e n s io n a l  e q u a t io n s ,  Eq. ( 3 . 5 ) ,  i n t o  t h r e e  s e t s  of  one-dimen­
s io n a l  e q u a t i o n s .
Equat ion  (3 .5 )  can be s p l i t  i n t o  t h r e e  l o c a l l y  one -d imensional  
(LOD) o p e r a t o r s  as fo l low s :
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D istance  i j j . k
/  (i.j.k) ✓ 'U-M.j.k)
Fig 4 .1  D is tance  d.  . . between two a d j a c e n t  c e l l s
I 9 J  » K
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Lx: q^ ,t  + ^ . j  = 0 (no summation in  i )  i = 1, 2, or  3 (4 .9 )
Here, each o f  the  s p l i t  o p e r a t o r s  c o n ta i n s  t h e  s p a t i a l  d e r i v a t i v e s  o f  
f l u x  in only  one d i r e c t i o n .  S ince ,  t h i s  concep t  i s  l im i t e d  to  the  LOO 
scheme, the  summation convent ion  w i l l  not  be used in t h i s  s e c t i o n .
Let At be the  t ime s t e p ,  n the  t ime l e v e l ,  and the  f lux  
a c ro s s  t h e  c e l l  s u r f a c e  x1 = c o n s t a n t .  The LOD p r e d i c t o r - c o r -  
r e c t o r  scheme in a g e n e ra l i z e d  c o o r d i n a t e  system can be expressed as 
fo l l o w s :
P r e d i c t o r :




update  = j f 1 + A £  n
C o r r e c t o r :    _ A + /  .
^ 7  B r '
, . A n + l  1 /  -fth , A*n+1
update  = _  [ S.
Here, t h e  ove rba r s  in t h e  c o r r e c t o r  sweeps i n d i c a t e  t h a t  the  quan­
t i t i e s  a r e  determined wi th  updated p r e d i c t o r  v a lu e s .  The A+ and a_
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i n d i c a t e  forward  and backward t w o - p o in t  d i f f e r e n c e s .  Although th e  
o p e r a t o r s  are  a l l  one -s ided  by t h e m s e lv e s ,  t h e  r e s u l t i n g  algor i thm i s  
second o r d e r  a c c u r a te  in  space and t im e.
Each o f  the  Lx1 o p e r a t o r s  d i s c u s s e d  above c o n s i s t s  o f  a 
p r e d i c t o r - c o r r e c t o r  s e t ,  and r e q u i r e s  no block or  s c a l a r  t r i d i a g o n a l  
i n v e r s io n .  Because o f  t h e  nonccmmuta t iv i ty  o f  Lx1 o p e r a t o r s ,  t h e  
combined numerical  scheme i s  a c c u r a t e  on ly  t o  f i r s t  o r d e r .  To r e t a i n  
the  second-o rder  accu racy ,  a symmetr ic  sequence o f  LOD o p e r a t o r s ,  
developed by St rang  [50]  i s  used.  S p e c i f i c a l l y ,  t h e  s o l u t i o n  v e c to r  
i s  updated in t ime accord ing  to  t h e  fo l low ing  r e l a t i o n :
+ 2 = Ln (Atn ) L? (At^) L? (2At5 ) L? (At? ) Ln (Atn ) i f  (4 .11)
By t h i s  procedure  t h e  s o l u t i o n  i s  advanced two t ime s t e p s  from t  t o  
t  + 2 a  t .
1. Temporal Accuracy
In o r d e r  t o  r e t a i n  a second o r d e r  a c c u r a te  scheme in  t ime f o r  the
o p e ra to r  sequence of  Eq. ( 4 . 1 1 ) ,  t h e  t o t a l  t ime app l i ed  t o  each
o p e r a t o r  must be t h e  same, i . e . ,
At = At = At = At (4 .12)
€ n ?
2. Numerical S t a b i l i t y
Because o f  t h e  complex i ty  o f  t h e  f u l l  N av ie r-S tokes  equ a t io n ,  i t  
i s  not p o s s i b l e  to  o b t a in  a c lo se d - fo rm  s t a b i l i t y  exp res s ion  fo r  the  
MacCormack scheme a pp l i ed  t o  t h e s e  e q u a t i o n s .  However, t h e  l i n e a r i z e d  
s e t  of  e q u a t i o n s ,  can be s u b je c t e d  t o  von Neumann type  s t a b i l i t y
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a n a l y s i s .  In o r d e r  t o  m ain ta in  numerical  s t a b i l i t y ,  t h e  t ime f o r  each 
o p e r a t o r  must s a t i s f y  t h e  fo l low ing  s t a b i l i t y  c o n d i t i o n :
a t_  * a t
^CFL
4 t n ‘  4 t n cfL (4 .13)
where the maximum al lowable time s teps  At , At and At ,
CCFL CFL 5CFL
are given in Appendix A.
The e x p l i c i t  MacCormack's a lgo r i thm  o f  has s e v e ra l  advan tages.  
F i r s t ,  t he  method i s  second-o rder  a c c u r a te  in t ime and space .  Second, 
i t  i s  r e l a t i v e l y  e a sy  t o  code t h e  e x p l i c i t  a lg o r i thm .  T h i rd ,  the  
e x p l i c i t  a lg o r i thm  i s  e a s i l y  v e c t o r i z a b l e .  Four th ,  t h e  a lgo r i thm  i s  
r o b u s t ,  in  t h e  sense  t h a t  i t s  o v e r a l l  s t a b i l i t y  i s  r e l a t i v e l y  i n se n ­
s i t i v e  to  the  i n i t i a l  c o n d i t i o n s  employed. In p r a c t i c a l  t e rm s ,  t h i s  
im p l ie s  t h a t  t h e  i n i t i a l  c o n d i t i o n  need n o t  be c l o s e  t o  t h e  f i n a l  
s o l u t i o n .  In a l l  t h e  computa t ions  t o  da te  on th re e -d im e n s io n a l  
problems,  t h e  f low i n i t i a l  c o n d i t i o n s  a re  ob ta ine d  by s imply propa­
g a t in g  t h e  p r e s c r i b e d  boundary l a y e r  a t  t h e  o u t e r  boundary o f  J = 
th roughou t  t h e  mesh.UlOA
Computat ions invo lv ing  t h e  c om pres s ib le  Navier-S tokes  equa t ions  
sometimes "blow up" because o f  l a r g e  g r a d i e n t s ,  f o r  example when th e  
f low f i e l d  c o n ta i n s  s t ro n g  shock waves.  In many i n s t a n c e s ,  i t  i s  not  
p r a c t i c a l  t o  r e f i n e  t h e  mesh in t h e s e  r e g i o n s ,  p a r t i c u l a r l y  i f  t h e y  
a r e  f a r  removed from th e  r e g io n  o f  i n t e r e s t .  For  such s i t u a t i o n s  a 
f o u r t h  o r d e r  damping term i s  added to  t h e  scheme to  suppre ss  the
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nu n e r i c a l  o s c i l l a t i o n s .  This smoothing term has a ve ry  small 
magni tude excep t  in r eg ions  o f  p r e s s u r e  o s c i l l a t i o n s  where t h e  t r u n c a ­
t i o n  e r r o r  i s  a l r e ady  degrading t h e  computed s o l u t i o n ,  and should be 
n e a r l y  zero as s teady  s t a t e  i s  approached.
4 .3  Im p l i c i t  MacCormack Algorithm 
For  computat ions invo lv ing  f u l l  Navie r-S tokes  e q u a t i o n s ,  g r id  
l i n e s  have to  be c l u s t e r e d  in t h e  d i r e c t i o n  normal to  t h e  w a l l .  In 
such s i t u a t i o n s ,  t h e  e x p l i c i t  CFL s t a b i l i t y  l i m i t  becomes very  
r e s t r i c t i v e  and a l a r g e  number o f  i t e r a t i o n s  are  r e q u i r e d  to  reach  a 
s t e a d y  s t a t e  s o l u t i o n .  The s t a b i l i t y  a n a l y s i s  o f  t h e  i m p l i c i t  schemes 
shows t h a t  t h e r e  are  no r e s t r i c t i o n s  on t h e  t ime o f  i n t e g r a t i o n  and 
t h a t  i t  i s  u n c o n d i t i o n a l ly  s t a b l e .
B i -d iagona l  Scheme and L oca l ly  One-Dimensional  Time S p l i t t i n g
The b i -d i a g o n a l  i m p l i c i t  scheme in  g e n e ra l i z e d  c o o r d i n a t e s  a t  
t ime l eve l  n i s  in troduced  in to  e x p l i c i t  p r e d i c t o r  and c o r r e c t o r  
s t e p s  as fo l l o w s :
P r e d i c t o r : 
e x p l i c i t
A+ 11 t  | n .
i m p l i c i t  [ I —At —----------------J g^.n + 1 = A ^  (4.14a)
ax1
„. i _ ah , . a  n+1 
update  f +1
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C o r rec to r :
./vll + 1
A ¥
e x p l i c i t  At V i
a  I 1 t  I n + 1 * \
i m p l i c i t  [ I + At —I------------ ■---------- ) 6^n  ^ = A ^  n * (4 .14b)
a x 1
Update: f  *  1 = i  f t f  * f  * s t f  *  M
. i^s , '  ___The m a t r i c e s  | A | a re  m a t r i c e s  wi th p o s i t i v e  e ige nva lue s .
where
\  0 Ai . i .
The M. are  t h e  s i m i l a r i t y  t r a n s f o r m a t io n  m a t r i c e s  which d i a g o n a l i z e  
t h e  E u le r i an  Jacobian ^  in  Eq. (3 .6 )  by s e t t i n g  u = x = 0. The 
d iagonal  terms o f  t h e  m a t r ix  ^Dl  c o n t a i n s  t h r e e  d i s t i n c t  r e p r e ­
s e n t a t i v e  e ig e n v a lu e s  de f ined  by
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Au = max I Ji* I 1 I +




| _u . ^  ± a (g11 ) |
i i . ii i  1/2 2UYMo g ax
 , 0
RePr pAx At
where g = g *3 . The e ig e n v a lu e s  o f  t h e  d iagonal  m a t r ix  | D |
f o r  i = 1, 2, 3 can be e xpressed  as f o l l o w s :
1 1 1 1  
f o r  i = l  \ i  = x3 = Xi* = x u
L  1 . 1. _ 1.
2 -  u+a’ 5 “ u-a
f o r  i=2 Aj =2 2 2 ' " X2 = X4
2 2 2 2 
x3 = Xu+a and X5 = x u-a
3x4 = 3xu+a and 3x5 = Xu-a
Each t r a n s f o r m a t i o n  m a t r ix  of  f o r  i = (1, 2, 3) i s  s p l i t  i n t o  
t h r e e  m a t r i c e s  which can be e xpressed  as f o l l o w s :
Mj = M,c Mn  M
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M =
for  i = 1
'1C
- •
1 0 0 0 0
- u p -1 p _ l 0 0 0
-V p - 1 0 p - 1 0 0
-wp-1 0 0 p " 1 0
a0 -eu - e v -6w 0
a = 0 . 5 ( u 2 +v2 +w2 ) and 6 = (y - 1 )
1 0 0 0 - a














0 0 0 0 
e l ( i ‘ ) eV )  e l ( 3 ' )  0
( 3 ' )  0
0 0
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1 0 0 0 0
0 ^ c z - )  ' e 2 ( i - >  0 0
2T ( ! ' )  62 ( 2 1) e 2 ( 3 ' )  0
0 "®2 ( 3 1) ®2( 2 1) 0
0 1
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f o r  i = 3
3C
3T
1 0 0 0 - a 2
0 1 0 0 0
= 0 0 1 0 0
0 0 0 pa 1
0 0 0 ■pa 1
1 0 0 0 0
0 p3 ( 3 ' ) 0 ■e 3 ( l ' )
0
0 0 p3 (3*) ' e 3 (2 ' ) 0
0 p3 
e ( 1 ‘ )
p3 
e (2 - )
p3




Q Q 0 0
Here, = 9 /  (9 ) i s  the component o f  t h e  normal
c o n t r a v a r i a n t  v e c t o r  i n  t h e  i '  d i r e c t i o n .  The M m a t r i c e s  t r a n s fo rm  
fief from c o n s e r v a t i v e  t o  nonconserva t ive  v a r i a b l e s ;  t h e  m a t r i c e s  
account  f o r  t h e  o r i e n t a t i o n  of  t h e  c e l l  f a c e s ,  x 1 = c o n s t a n t ,  
and m a t r i c e s  then  t r a n s fo rm  from nonc onse rva t ive  t o  c h a r a c t e r ­
i s t i c  forms.  I t  i s  i n t e r e s t i n g  t o  s e e  t h a t  t h e  m a t r i c e s  M and M-q 
are the  same in t h e  C a r t e s i a n  c o o rd in a te  system and non-or thogonal  
c u r v i l i n e a r  c o o r d i n a t e  system; t h e  m a t r i c e s  M-j account  f o r  t h e  
g e n e ra l i z e d  c o o r d i n a t e  t r a n s f o r m a t i o n .  The c h a r a c t e r i s t i c  v a r i a b l e s  
f o r  i = 1, 2, 3 a r e  expre ssed  as f o l l o w s :
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for  i = 1
1C
for  i = 2
6p -  ( l / a 2 ) 6 p  
6p + pa6u_ . ^ / ( g 1 1 )
1 / 2
( I 1)• ' 6v " e l ( 2 ' ) 6u
e ' ( l ' ) ! "  ‘  e ‘ ( 3 ' ) 5u 




f o r  i = 3
/ \
60 3C
5p -  (1 /a2 ) 6p 
° 2 , 6 u -  e2 , 6v
(2 ) (1 )
1 / 2
6p + pa6u_ . g2 / ( g 2 2 )
e 2 ( 2 ' )  Sw- e 2 ( 3 ' )  87
6p -  pa6ju . £2 / ( g 22) 1/2
6 p - ( 1 / a 2 ) «P
e3 (3 i ^ 6 u - *
e3 (3 ^ 6  V - e3 (2 ' )  “
6 p + p a 6 u
1/2
. g3/ ( g 33)
6 p - p a 6 u . g3/ ( g 33)
Now i t  i s  c l e a r  t h a t  Mi t r a n s fo r m s  t h e  i n v i s c i d  p o r t i o n  o f  JF,^  
i n to  c h a r a c t e r i s t i c  form only when i = j .  This imp l ie s  th
in  c o n t r a s t  t o  t h e  u n s p l i t  f o r m u l a t i o n ,  LOD t ime s p l i t t i n g  makes
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v a r i a b l e s  c o n s i s t e n t  wi th  t h e  c h a r a c t e r i s t i c  v a r i a b l e s  by means o f  the  
s i m i l a r i t y  t r a n s f o r m a t io n  employed in the  i m p l i c i t  s t e p s  [Eqs.  (4 .14a)  
and ( 4 .1 4 b ) ] .
Two p o i n t s  should be noted h e re .  F i r s t ,  i t  i s  an insurmountable  
t a s k  to  develop the  s i m i l a r i t y  t r a n s f o r m a t io n  f o r  each e n t i r e  v i sc o u s
Jacobi  an To keep t h e  r i g h t  hand s i d e  o f  Eqs.  (4 .14a)  and
(4.14b)  as s imple  and s t r a i g h t f o r w a r d  as p o s s i b l e ,  we f o l low  he re  t h e  
sugge s t io n  given by MacCormack to  c o n s id e r  on ly  t h e  E u le r i an  Jacob ian  
o f  wi th  t h e  a d d i t i o n  o f  a small number o f  dominant  v i scous  terms to  
t h e  E u le r i an  e ig e n v a lu e s .  Second, t h e  i m p l i c i t  procedure  i s  skipped 
whenever t h e  e x p l i c i t  s t a b i l i t y  c o n d i t i o n s  a re  s a t i s f i e d  l o c a l l y ,  and 
t h e  a lg o r i th m  r e q u i r e s  v i r t u a l l y  no more computat ion  t ime than  an 
e x p l i c i t  method.
Each s p l i t  o p e r a t o r  de s c r ib e d  above c o n s i s t s  o f  an e x p l i c i t -  
i m p l i c i t  p r e d i c t o r - c o r r e c t o r  s e t ,  i s  second-o rder  a c c u r a te  in  t ime and 
s p a c e ,  i s  u n c o n d i t i o n a l l y  s t a b l e ,  and r e q u i r e s  no block  o r  s c a l a r  
t r i d i a g o n a l  i n v e r s i o n .  Because o f  t h e  noncommutat ivi ty  o f  s p l i t  
o p e r a t o r s ,  t h e  s imple  combined n u n e r i c a l  scheme, Lx1 Lx2 Lx3 i s  on ly  
f i r s t  o r d e r  a c c u r a t e .  To m a i n t a i n ,  t h e  second o r d e r  accuracy  o f  the 
method,  a symmetric sequence o f  t h e  LOD o p e r a t o r s ,  developed by St rang
[50]  are  employed. Here, t h e  s o l u t i o n  i s  advanced from t ime t  t o  t  
+ 2at  as  fo l low s
§ n+2 = Ln (At) Lc (At) U  (2a t )  Lc (At) Ln(At) ^  (4 .15)
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Each l o c a l l y  one-d imens ional  s p l i t  o p e r a t o r  i s  a p p l i e d  l i n e  by l i n e  in 
each sweep d i r e c t i o n  and,  hence,  on ly  needs one l eve l  plus  t h r e e  
s i n g l e  a r r a y s  o f  dependent  v a r i a b l e s .  Without  t h i s  s p l i t t i n g ,  the 
MacCormack scheme r e q u i r e s ,  in g e n e r a l ,  two t ime l e v e l s  o f  v a r i a b l e  
p l u s  a l e v e l  o f  r i g h t - h a n d - s i d e  r e s i d u a l s  f o r  a t o t a l  o f  t h r e e  l e v e l s  
o f  v a r i a b l e s  s to re d .
4 .4  Operat ion o f  Numerical Code
4 .4 .1  General  Procedure
The computa t ion o f  t h re e -d im e n s io n a l  shock wave boundary layer  
i n t e r a c t i o n s  using  th e  numerical  code i s  accomplished in t h r e e  phases  
as  fo l l o w s :
1. Mesh G enera t ion  and I n i t i a l  Flow Condi t ion
Depending on t h e  i n v e s t i g a t i o n  o f  t h e  f low p a s t  a 
s p e c i f i c  c o n f i g u r a t i o n ,  t h e  u s e r  g e n e r a t e s  t h e  g r i d  using a 
s e p a r a t e  g r id  g e n e ra t i o n  code.  Once t h e  c o o r d i n a t e s  o f  t h e  
mesh p o i n t s  a r e  known, t h e  volume and s u r f a c e  normal f o r  each 
f i n i t e  volume c e l l  can be e a s i l y  computed. The info rmat ion  
concern ing  t h e  s to r a g e  a r c h i t e c t u r e  f o r  t h e  phys ica l  co o rd i ­
n a t e s  i s  p rovided  with t h e  numerical  code.  The i n i t i a l  
c o n d i t i o n ,  in c lu d in g  th e  upstream ( inf low)  p r o f i l e s ,  and the
p r o f i l e s  a t  J= J  on the  f l a t  p l a t e  are  provided by t h e  r  max
u s e r .  Depending upon t h e  p a r t i c u l a r  geometry under  c o n s id e r ­
a t i o n  t h e  upstream p r o f i l e  may be a uniform f low ,  or  a 
boundary l a y e r  f low g ene ra ted  by s o lv in g  t h e  two-dimensional 
c om pres s ib le  boundary l a y e r  e q u a t i o n s .  The in fo rmat ion  con-
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c ern ing  th e  s to r a g e  f o r  t h e  f low f i e l d  and s u r f a c e  normals i s  
provided in t h e  numerical  code.
2. Computation o f  t h e  Three-Dimensional  Flow F ie ld  Using th e  
Numerical Code
The n une r ica l  code i s  used to  i n t e g r a t e  t h e  governing 
e qua t ion  in t ime u n t i l  a s t e a d y  s t a t e  s o l u t i o n  i s  o b t a in e d .
The use r  o f  t h e  code must e n s u re  t h a t  r e a s o n a b le  c r i t e r i a  f o r
the  achievement  o f  s t e a d y  f low have been met .
3. Graphic Display o f  Flow F i e ld
The u se r  must deve lop  h i s  own g raph ic s  code t o  pos t  
process  t h e  ou tpu t  g ene ra ted  by t h e  th re e -d im e n s io n a l  Navier-  
Stokes code.  In t h i s  r e g a r d ,  t h e  u se r  may i n t e r f a c e  h i s  
g raph ic s  code with t h e  g r a p h ic s  l i b r a r y  on t h e  hos t  
computer.
4 . 4 . 2  Requirements on Grid
The body -o r ie n te d  g e n e r a l i z e d  c o o rd i n a t e  system must p rov ide
adequate r e s o l u t i o n  to  unravel  t h e  b a s i c  phys ica l  a s p e c t s  o f  t h e  f low
f i e l d .  A complete s e t  o f  mesh c r i t e r i a  f o r  judg ing  t h e  a c c e p t a b i l i t y  
o f  the  g r id  system does not  e x i s t  a t  p r e s e n t ,  excep t  f o r  t h e  p rocess  
o f  mesh r e f inem en t  which i s  g e n e r a l l y  no t  f e a s i b l e  f o r  t h ree -d im en­
s iona l  Navier-S tokes s im u l a t i o n s .  The d e te rm in a t io n  o f  t h e  a c c e p t ­
a b i l i t y  o f  a given g r id  system, t h e r e f o r e ,  must be based on e x pe r ience  
and prev ious  numerical  computa t ions .
There a r e ,  however, a nimber  o f  n e c e s s a ry  c r i t e r i a  which may be 
i d e n t i f i e d  as fo l low s :
1. R eso lu t ion  o f  Boundary Layers  in  t h e  D i r e c t io n  Normal t o  the  
Boundary.
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The f low f i e l d  in  t h e  d i r e c t i o n  normal t o  t h e  boundary 
i s  g e n e r a l l y  c h a r a c t e r i z e d  by th e  s t e e p  f low g r a d i e n t s .  This 
i s  based on p rev ious  e x p e r i e n c e  t h a t  a minimum o f  f i f t e e n  
(15) g r id  p o in t s  be placed in t h e  boundary l a y e r  depending on 
t h e  amount o f  r e s o l u t i o n  needed t o  r e s o l v e  s t e e p  f low g r a d i ­
e n t s .  For a t u r b u l e n t  f low ,  t h e  y+ o f  t h e  f i r s t  mesh p o i n t  
should be l o c a t e d  l e s s  than  t h r e e  wall u n i t s  from t h e  
boundary f o r  a c cu ra te  r e s o l u t i o n  o f  t h e  v i scous  s u b l a y e r .
The d i s t a n c e  o f  t h e  f i r s t  mesh p o i n t  from th e  wall  in the
2 D
laminar  case should be l e s s  than o r  equal t o  — ----- -
2. Reso lu t ion  o f  Boundary Layers  in t h e  Cross f low D i r e c t io n .
In t h e  numerical  s im u l a t io n  o f  t h e  t h re e -d im e n s io n a l  
f low f i e l d ,  a t y p i c a l  maximum g r id  spacing in t h e  c r o s s  f low 
d i r e c t i o n  i s  p rov id ed .  This  i s  kept  between 0.26 t o  0 . 8 6 ,  
where 6 i s  t h e  boundary l a y e r  t h i c k n e s s  t o  a c c u r a t e l y  
r e s o l v e  the  s p a t i a l  f e a t u r e s  o f  t h e  f low f i e l d .  This  
c r i t e r i a ,  however, has no t  been e x t e n s i v e l y  t e s t e d  and more 
s t r i n g e n t  r equ i r em e n ts  may need t o  be imposed depending upon 
the  f low c o n f i g u r a t i o n .
3. Reso lu t ion  o f  t h e  Boundary Layers  in  the  Streamwise D i r e c t io n
The s t reamwise g r id  spac ing  depends s t r o n g l y  on the  
c h a r a c t e r  o f  t h e  f low f i e l d .  In t h e  v i c i n i t y  o f  i n t e r a c t i o n  
r e g i o n ,  t h e  s t reamwise g r id  spac ing  i s  determined by t h e  s i z e  
o f  t h e  i n t e r a c t i o n  r e g i o n .  For  nomina l ly ,  two-dimensiona l  
shock-boundary l a y e r  i n t e r a c t i o n  the  s i z e  i s  a f u n c t i o n  o f  
p r e s s u r e  r i s e ,  Reynolds number, and may be a f r a c t i o n  o f  t h e
perm ission of the copyright owner. Further reproduction prohibited without perm ission.
boundary l a y e r  t h i c k n e s s .  For a t h re e -d im e n s io n a l  shock-  
boundary l a y e r  i n t e r a c t i o n ,  t h e  s i z e  o f  the  i n t e r a c t i o n  
reg io n  i s  l a r g e r  than a c o r r e spond ing  two-dimensional  i n t e r ­
ac t io n  with the  same p r e s s u r e  r i s e .
4. R eso lu t ion  o f  t h e  I n v i s c id  Flow
The c r i t e r i a  f o r  g r i d  spacing  in  t h e  i n v i s c i d  r eg io n  
depends upon th e  p a r t i c u l a r  f low c o n f i g u r a t i o n ,  and must be 
dete rmined  on a c a s e - b y - c a s e  b a s i s .  For example,  t h e  e x i s ­
t e n c e  o f  a bow shock upstream o f  t h e  b lu n t  l ead ing  edge a t  
high Mach nunbers  may impose a s t r i n g e n t  loca l  c o n s t r a i n t  on 
th e  i n v i s c i d  g r id  s p a c in g .
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Chapter 5
PHYSICAL CONDITIONS OF INVESTIGATION 
For unde rs t and ing  t h e  f low p a s t  a wing/body j u n c t i o n ,  t h r e e  
s p e c i f i c  s i m p l i f i e d  geom et r i e s  were s e l e c t e d .  These i n c lu d e :  (1) 
b lu n t  swept f i n / f l a t  p l a t e  j u n c t i o n ,  (2) sharp  f i n / f l a t  p l a t e  
j u n c t i o n ,  and (3) f i l l e t e d  f i n / f l a t  p l a t e  j u n c t i o n .  The s p e c i a l  c a se s  
of  b lun t  and sharp f i n s  a re  used t o  o b t a i n  s p e c i f i c  r e s u l t s  f o r  which 
e x t e n s i v e  measurements on v e l o c i t y  and p r e s s u r e  d i s t r i b u t i o n ,  s k in  
f r i c t i o n ,  and s u r f a c e  yaw ang le s  a re  r e a d i l y  a v a i l a b l e  in  t h e  l i t e r a ­
t u r e .  In a t y p i c a l  t h r e e - d i m e n s i o n a l  f low p a s t  a f i n / f l a t  p l a t e  
j u n c t io n  t h e  v a r io u s  p a ram ete rs  c o n t r o l l i n g  th e  i n t e r a c t i o n  a r e  D 
(d iam ete r  o f  t h e  f i n ) ,  a ( f i n  sweep a n g l e ) ,  <s ( incoming boundary l a y e r  
t h i c k n e s s ) ,  (Mach number) ,  and Re£ ( u n i t  Reynolds number).  The 
parameters  c o n t r o l l i n g  t h e  f i l l e t e d  f i n - i n d u c e d  i n t e r a c t i o n s  a re  R 
( f i l l e t  r a d i u s )  and 6 ( incoming boundary l a y e r  t h i c k n e s s ) .  Since 
t h r e e  dimens iona l  computa t ions  a re  e x p e n s iv e ,  on ly  l i m i t e d  p a ra m e t r i c  
s t u d i e s  were c a r r i e d  o u t  f o r  s e l e c t e d  va lu e s  o f  sweep a n g le ,  f i l l e t  
r a d i u s ,  Mach number, Reynolds number, and Mesh r e s o l u t i o n .  The range 
o f  va lues  in  each s e t  o f  pa ram ete rs  i s  c a r e f u l l y  s e l e c t e d  t o  p o r t r a y  
i t s  d ramatic  i n f l u e n c e  in  c o n t r o l l i n g  t h e  i n t e r s e c t i o n  f low f i e l d s .
The f low f i e l d  s im u l a t io n  o f  t h e  s e l e c t e d  c a se s  can be e a s i l y  
a t tempted on e x i s t i n g  super  computers  w i thou t  r e q u i r i n g  e x c e s s i v e  
computa t iona l  r e s o u r c e s .
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5.1 Laminar Flow P a s t  a Swept F i n / F l a t  P l a t e  J u n c t i o n - -  
V a l id a t io n  wi th  Experiment  and Pa rametr ic  Study
5 . 1 . 1  V a l id a t io n  with Experiment
For  t h e  s p e c i f i c  problem o f  f low p a s t  a b lu n t  f i n / f l a t  p l a t e  
j u n c t i o n ,  comparat ive r e s u l t s  were ob ta ine d  corresponding  to  t h e  
fo l lowing  experimental  c o n d i t i o n s  [16]:
I  = 2 - 9 5 .  P0  . =  2 2 2 6 1  N /m 2 > T0  2 9 8  K-
6 = 0.225 cm, D = 1.875 cm, H = 7.5 cm, A = 0°
Figure 5.1 shows a s i m p l i f i e d  b l u n t  f i n / f l a t  p l a t e  j u n c t i o n  and 
v a r io u s  l o c a t i o n s  along which t h e  computed r e s u l t s  a r e  compared with 
the  experimental  measurements .  The experimental  i n v e s t i g a t i o n  
inc lu d e s  d a t a  on p r e s s u r e  d i s t r i b u t i o n  along th e  f i n  s t a g n a t i o n  l i n e  
and s e l e c t e d  spanwise l o c a t i o n s .  To supplement  t h e  measurements ,  o i l  
f low v i s u a l i z a t i o n  t ec h n iq u e  i s  a l s o  used t o  r evea l  t h e  globa l  
s t r u c t u r e  of  the  f low on t h e  f i n  and f l a t  p l a t e  s u r f a c e .
5 .1 .2  P a ram e t r ic  Study
The p a ra m e t r i c  s t u d i e s  were conducted to  i n v e s t i g a t e  t h e  e f f e c t  
of  f i n  sweep and incoming boundary l a y e r  t h i c k n e s s .  The c o n d i t i o n s
f o r  which s p e c i f i c  r e s u l t s  were o b t a in e d  are  as f o l low s :
E f fe c t  o f  Fin Sweep
= 2 .9 5 ,  p0co= 22261 N/m2 , TQ eo= 298 K
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Fig 5.1 Geometry o f  b l u n t  f i n / f l a t  p l a t e  j u n c t i o n  showing t y p i c a l  
s u r f a c e  l o c a t i o n s  o f  comparison with experiment
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<5 = 0.225 cm, D = 1.875 cm, H = 7 .5  cm, A = 0° t o  45°
E f f e c t  o f  Incoming Boundary Layer Thickness
1  ■ 2 -96> P0 - *  2226 N/m2’ T0 298 K
6 = 0.675 cm, D = 1.875 cm, H = 7.5 cm, A = 0° and 45° only
5 .2  Laminar Flow Pas t  a B lunt  F in  -  Cond i t ions  f o r  Add i t io na l  
R e s u l t s  and Pa ram e t r ic  S tu d ie s
5 .2 .1  Cond i t io ns  f o r  A dd i t iona l  R e s u l t s
The fo l low ing  s p e c i f i c  c o n d i t i o n s  were s e l e c t e d  t o  o b t a i n  add i ­
t i o n a l  r e s u l t s  and f o r  p a ra m e t r i c  s t u d i e s :
= 2 .36 ,  pQ j*  24000 N/m2, Tg ##= 294 K
6 = 0.186 cm, D = 0.635 cm, H = 5 cm
This s p e c i f i c  ca se  was s e l e c t e d  t o  v a l i d a t e  t h e  code with t h e  e x p e r i ­
mental measurements  o f  v e l o c i t y  d i s t r i b u t i o n  in  t h e  s e p a r a t e d  r e g io n .
The experimental  measurements were ob ta ine d  by o i l  f low v i s u a l i z a t i o n ,  
S c h l i e r e n  o b s e r v a t i o n s ,  and l a s e r  anemometry and t h e  r e s u l t s  a re  
a v a i l a b l e  in  [ 5 2 ] .
5 . 2 . 2  P a ram e t r ic  S tu d ie s
The p a ra m e t r i c  s t u d i e s  were conducted by using t h e  c o n d i t i o n s  of  
Sec. 5 . 2 . 1  and changing t h e  v a r io u s  p a ra m e te r s .
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E f f e c t  of  Grid Refinement
To i n v e s t i g a t e  t h e  e f f e c t  o f  g r i d  r e f in e m e n t ,  t h e  c o n d i t i o n s  of
Sec. 5 .2 .1  were used and r e s u l t s  were ob ta ine d  f o r  the  fo l lowing  t h r e e
g r i d s :
30 x 50 x 30,  40 x 100 x 30,  40 x 100 x 50
E f f e c t  of  Mach Number
The f r e e s t r e a m  s t a g n a t i o n  t e m p e ra t u re  was changed corresponding
to each Mach number while  keeping t h e  o t h e r  c o n d i t i o n s  c o n s ta n t  as
g iven in Sec. 5 . 2 . 1 .  The r e s u l t s  were ob t a in e d  f o r  t h e  fo l lowing  
c a s e s :
M = 1 . 2 ,  Tn = 286 Kqo y oo
M = 2 .3 6 ,  T_ = 294 KCO (J CO
M = 3 . 5 ,  Tn = 307 K
00 U  00
E f f e c t  o f  Reynolds  Number
The u n i t  Reynolds number o f  t h e  f r e e s t r e a m  i s  a l t e r e d  by changing 
th e  tunnel  s t a g n a t io n  p r e s s u r e  whi le  keeping t h e  o t h e r  f r e e s t r e am  
c o n d i t i o n s  c o n s t a n t  as given  under Sec.  5 . 2 . 1 .  The r e s u l t s  were 
ob ta ined  f o r  the  fo l low ing  c a s e s :
p0 „  = 12,000 N/m2 , Re£ = 1.25  x 106/m
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pQ ^  = 24,000 N/m2 , Re^ = 2.5 x 106/m
pQ _ = 48,000 N/m2 , Re^ = 5 .0  x l c f  /m
5.3 Turbu lent  Flow P a s t  a Sharp F i n / P l a t e  P l a t e  J u n c t ion
5 .3 .1  Flow Pas t  a 16° Sharp Fin
For  t h e  ca se  o f  a 16* sharp  f i n  induced shock wave/boundary laye r  
i n t e r a c t i o n ,  comparat ive r e s u l t s  were ob ta ine d  c o r re spond ing  to  t h e  
f o l low ing  experimental  c o n d i t i o n s  [53]:
M = 4 . 0 ,  Pn = 1180822 N/m2 , Tn = 336 Kco u  00 00
<S = 0.46 cm, H = 3.7 cm, 8 = 16°
The experimental  s tudy  g a th e red  d a t a  on wall p r e s s u r e ,  s u r f a c e  yaw 
a n g le ,  and skin  f r i c t i o n  d i s t r i b u t i o n  a t  a s p e c i f i e d  spanwise l o c a t io n  
th roughout  t h e  i n t e r a c t i o n  r e g i o n .  The experimental  s tu d y  employed 
o i l  f low v i s u a l i z a t i o n  to  unde rs tand  t h e  f low s t r u c t u r e ,  P re s ton  tube 
f o r  measuring sk in f r i c t i o n ,  and cobra  probes f o r  f low f i e l d  yaw 
a n g le s .
5 . 3 . 2  Flow P a s t  a 20° Sharp Fin
The s t rong  i n t e r a c t i o n  gene ra ted  by a 20° sharp f i n  on a f l a t  
p l a t e  i s  i n v e s t i g a t e d  correspond in g  to  t h e  fo l low ing  c o n d i t i o n s  [54]:
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M = 2 .93 ,  Pn = 688320 N/m2 , Tn = 260 K00 U » U 00
6 = 1.27 cm, H = 10 cm, 6 = 20°
Figure 5.2 shows the  ax ia l  l o c a t i o n  of  experimental  surveys  where t h e  
computed p r e s s u r e  d i s t r i b u t i o n  i s  compared wi th  experiment  as a 
fu n c t i o n  o f  the  Z- c o o r d i n a t e  normal to  t h e  f l a t  p l a t e .  The e x p e r i ­
ments were c a r r i e d  out  us ing  high Reynolds m.inber superson ic  tunnel  to  
measure the  p r e s s u r e  and yaw angle  as a f u n c t i o n  o f  t h e  c o o rd i n a t e  
normal t o  t h e  f l a t  p l a t e .
5 .4  Turbulent  Flow Pas t  a Swept F i n / F l a t  P la te  Junc t ion  
For  t h e  ca se  o f  swept f i n  induced shock w ave / tu rbu len t  boundary 
l a y e r  i n t e r a c t i o n ,  comparat ive r e s u l t s  were obt ained co rresponding  to  
t h e  fo l lowing  experimental  c o n d i t i o n s  [17]:
M = 3 .7 1 ,  pn = 203055 N/m2 , Tn = 339 K
00 9  r (J  00 (J CO
6 = 5 cm, D = 5 cm, H = 35 cm, A = 0° t o  60°
5.5 Turbulent  Flow Pas t  a F i l l e t e d  Fin
5 . 5 . 1  Flow P a s t  an Unmodified J u n c t io n
For t h e  case  o f  low Reynolds number f low p a s t  a b lu n t  f i n / f l a t  
p l a t e  j u n c t i o n ,  r e s u l t s  were ob t a in e d  corresponding  t o  t h e  fo l lowing  
experimenta l  c o n d i t i o n s  [33]:
t .  -  2 -5 . P0 27000 N/l" 2’ T0 312 K







Fig 5.2  Loca t ion  o f  expe r im en ta l  su rveys  f o r  20° sharp f i n
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5 .5 .2  Flow P a s t  a Modified Junc t ion
For t h e  modi f ied j u n c t i o n ,  t h e  e f f e c t s  o f  f i l l e t  r a d i u s  and i n ­
coming boundary l a y e r  t h i c k n e s s  were i n v e s t i g a t e d .
E f f e c t  of  F i l l e t  Radius
Two c i r c u l a r  f i l l e t s  with a r a d i u s  (R = 5 cm, 9 cm) and a con­
t inuous  f i l l e t  were used t o  modify t h e  j u n c t i o n .  The incoming flow 
c o n d i t i o n s  were kept  as  in  the  b l u n t  f i n / f l a t  p l a t e  j u n c t i o n  c a se .
E f f e c t  o f  Incoming Boundary Layer Thickness
Keeping th e  f i l l e t  r a d i u s  (R = 9 cm) c o n s t a n t ,  t h e  incoming 
boundary l a y e r  t h i c k n e s s  was dec reased  by an o r d e r  o f  magni tude from 5 
cm t o  0 .5  cm to  i n v e s t i g a t e  i t s  e f f e c t  in  c o n t r o l l i n g  t h e  j u n c t u r e  
v o r te x .
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Chapter 6 
RESULTS AND DISCUSSION 
The e n t i r e  r e s u l t s  ob ta ined  f o r  t h e  phys ica l  c o n d i t i o n s  desc r ibed  
in  Chap. 5 a re  p r e s e n t e d  and d i scussed  in  t h i s  c h a p te r .  For t h e  
phys ica l  c o n d i t i o n s  where experimental  r e s u l t s  were a v a i l a b l e ,  t h e  
numerica l  r e s u l t s  were o b t a in e d  to  v a l i d a t e  t h e  numerical  scheme and 
the  computer  code developed in  t h i s  s tudy .  Extens ive  r e s u l t s  were 
o b t a in e d  f o r  o t h e r  p hys ica l  c o n d i t i o n s  t o  s tudy  t h e  b e h a v io r  o f  t h r e e -  
dimensional  s e p a r a t i o n  f o r  v a r io u s  high speed j u n c t u r e  f lo w s .  The 
e f f e c t  o f  d i f f e r e n t  pa ram ete rs  in  c o n t r o l l i n g  t h e  i n t e r s e c t i o n  f low 
f i e l d  were a l s o  i n v e s t i g a t e d .
6.1 Laminar Flow P a s t  a Swept Fin
6 .1 .1  Computat ion o f  0° Swept Fin Flow F ie ld
The incoming f low c o n d i t i o n s  f o r  t h i s  case  a re  g iven  in  Sec.
5 . 1 . 1 .  The computa t ions  were c a r r i e d  out  us ing  a 40 x 40 x 40 mesh. 
F igu re  6.1 shows t h e  comparison of  p r e s s u r e  d i s t r i b u t i o n  along t h e  f i n  
l ea d ing  edge.  The l ea d in g  edge p r e s s u r e  i s  normalized  by t h e  p i t o t  
t ube  p r e s s u r e  behind  t h e  bow shock wave. The r e s u l t s  show t h a t  the  
computed p r e s s u r e  d i s t r i b u t i o n  agrees  well  with t h e  exper im en ta l  
v a l u e s .  The e x i s t e n c e  o f  a peak p r e s s u r e  on t h e  f i n  l e a d i n g  edge i s  
n o t i c e d  around Z/D = 1 .5 .  The minimum p r e s s u r e  i s  seen t o  occur  
around Z/D = 0 . 2 5 .  In t h e  downward d i r e c t i o n  from t h i s  p o i n t ,  t h e  
p r e s s u r e  i s  seen t o  i n c r e a s e  s lowly towards t h e  p l a t e  s u r f a c e .  The 
computed r e s u l t s ,  t h e r e f o r e ,  appear  t o  demons t ra te  t h e  p h y s i c a l l y  
r e a l i s t i c  t r e n d .
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•  Experiment (Young, 
_ et al, 1968)
— Present
3.0
p„= 22261 N/m . T^s 108K 
M,.» 2 .95 . 6* 0 .225cm —  Converged solution





Fig 6 .1  P r e s s u r e  d i s t r i b u t i o n  on th e  b l u n t  f i n  l e a d in g  edge and 
comparison wi th  experiment
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As po in ted  o u t  by Hung and Buning [ 3 1 ] ,  t h e  e x i s t e n c e  o f  peak 
p r e s s u r e  on th e  f i n  i s  due t o  mult icompress ion  o f  t h e  s e p a r a t i o n  
shock.  The d e c re a s e  o f  p r e s s u r e  from t h e  peak t o  t h e  minimum i s  due 
to  extreme expansion c r e a t e d  by t h e  horseshoe  vo r tex  l ead ing  t o  a 
r e v e r s e d  supe rs o n ic  zone on t h e  f i n .  The p re s s u re  i n c r e a s e  in  t h e  
d i r e c t i o n  towards t h e  p l a t e  s u r f a c e  i s  due t o  recompression from 
supe rs o n ic  t o  subsonic  f low .  Thi s  c r e a t e s  an adverse  p r e s s u r e  
g r a d i e n t  in  t h e  d i r e c t i o n  toward th e  p l a t e ,  r e s u l t i n g  in  a s u p e rs o n ic  
zone on t h e  f i n .
The computed p r e s s u r e  d i s t r i b u t i o n  on th e  f l a t  p l a t e  a long th e  
l i n e  of  symmetry i s  compared wi th  t h e  experimental  measurement f o r  an 
unswept f i n  i n  F ig .  6 . 2 .  The r e s u l t s  show good o v e r a l l  agreement  
excep t  near  t h e  j u n c t u r e  p o i n t .  The main f e a t u r e s  o f  t h e  f low such as 
upstream i n f l u e n c e ,  p r e s s u r e  p l a t e a u ,  and the  p r e s s u r e  r i s e s  a c ro s s  
t h e  f i n  bow shock and p l a t e  s e p a r a t i o n  shock a re  a l l  well  s im u la te d  by 
t h e  n une r ica l  code .  The e x i s t e n c e  o f  low p res s u re  f o l low ing  t h e  sepa ­
r a t i o n  p r e s s u r e  r i s e  i s  due t o  t h e  r e v e r s e d  high speed f low l ea d ing  t o  
a r e v e r s e d  s u p e rs o n ic  zone above t h e  p l a t e  s u r f a c e .
6 . 1 . 2  Pa ram etr ic  E f f e c t  o f  F in  Sweep and Boundary Layer Thickness
The p r e s s u r e  d i s t r i b u t i o n  on t h e  f i n  lead ing  edge i s  i l l u s t r a t e d  
in Fig.  6 .3  f o r  v a r io u s  f i n  sweep ang le s  corre sponding  t o  t h e  con­
d i t i o n s  given in  Sec.  5 . 1 . 2 .  The r e s u l t s  are  compared with t h e  b l u n t  
f i n  case  using  an i d e n t i c a l  mesh. I t  i s  seen t h a t  as t h e  f i n  sweep 
i n c r e a s e s ,  t h e  l o c a t i o n  and magnitude o f  the  peak and minimum p r e s ­
s u re s  dec rease  d r a s t i c a l l y .  As po in ted  out  by Edney [ 5 5 ] ,  t h e  
magnitude o f  t h e  h e a t i n g  r a t e  and peak p r e s s u r e  on t h e  f i n  l ea d ing
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12.0 r
•  Experiment (Young, et al, 1968) 
_ —  Present
p = 22261 N /m 2 . T * 108Krm m
8.0  - M.= 2.95. b = 0 .225cm
Converged solution
Solution at 1,000 
time steps
—4 .0- 8.0
F ig .  6 .2  P r e s s u r e  d i s t r i b u t i o n  on th e  f l a t  p l a t e  and comparison 
w i th  experiment







—  Sweep 0*
—  12.9°
p_ = 22261 N /m 2 , Tm * 108K 
M_ = 2.95, 6 * 0 .225cm
0.4 0.8 1.2 1.6
P/Pt2
P r e s s u r e  d i s t r i b u t i o n  on t h e  f i n  l e a d i n g  edge f o r  v a r io u s  
f i n  sweeps
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edge depend e s s e n t i a l l y  on the  geomet r i ca l  pa ramete rs  such as  t h e  f i n  
sweep. As the  f i n  sweep angle i n c r e a s e s  t h e  s u p e rs o n ic  j e t  becomes 
t h i n n e r  and may s t r i k e  t h e  f i n  l ea d in g  edge f a r  downstream o f  t h e  
impingement po in t  where,  because o f  d i f f u s i o n  i t s  e f f e c t  on t h e  heat  
t r a n s f e r  and peak p r e s s u r e  may be c o n s id e r a b l y  lower than  f o r  the  
unswept c a s e .  Edney f u r t h e r  observed t h a t  as t h e  f i n  sweep in c r e a s e s  
above a c e r t a i n  c r i t i c a l  va lue ,  t h e  r e s u l t i n g  shear  l a y e r  may miss  t h e  
f i n  l ead ing  edge e n t i r e l y ,  and hence,  high p r e s s u r e  and hea t  t r a n s f e r  
do not  occur .
Comparison o f  t h e  p r e s s u r e  d i s t r i b u t i o n  on th e  f l a t  p l a t e  i s  
shown in Fig .  6 .4  f o r  va r ious  f i n  sweep ang le s .  I t  i s  noted  t h a t  as 
t h e  f i n  sweep angle  i n c r e a s e s ,  t h e  s e p a r a t i o n  p o i n t  on th e  p l a t e  
s u r f a c e  moves downstream. Also, t h e  peak p r e s s u r e  a t  t h e  co rne r  
d e c r e a s e s  d r a s t i c a l l y  wi th  i n c r e a s i n g  sweep ang le .  Although no 
comparison of  p r e s s u r e  d i s t r i b u t i o n  has been made with experimental  
measurements f o r  t h e  swept f i n  c a s e ,  t h e  computed r e s u l t s  agree  q u a l i ­
t a t i v e l y  in t r e n d  with t h e  P r ic e  and S t a l l i n g s  [17]  d a t a  f o r  a t u r b u ­
l e n t  boundary l a y e r .
To f u r t h e r  demons tra te  the  e f f e c t  o f  f i n  sweep on t h e  i n t e r a c t i o n  
f low f i e l d ,  t h e  code was run f o r  a t h i c k  incoming l am ina r  boundary 
l a y e r  f o r  c o n d i t i o n s  given  in Sec. 5 . 1 . 2 .  The boundary l a y e r  t h i c k ­
n e s s ,  in t h e  p rev ious  c a s e ,  was ve ry  sm a l l .  Hence, packing a f i n e  
g r i d  in  t h i s  r e g io n  c r e a t e d  some i n s t a b i l i t y  in  t h e  numerical  simu­
l a t i o n .  To remedy t h i s  s i t u a t i o n  and a l so  t o  observe  t h e  d e t a i l e d  
e f f e c t  o f  t h e  f i n  sweep on the  i n t e r a c t i o n  f low f i e l d ,  t h e  code was 
run f o r  0* and 45* f i n  sweeps. The computat ions were c a r r i e d  out  
us ing  a 40 x 40 x 40 mesh.
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F ig .  6 .4  P r e s s u r e  d i s t r i b u t i o n  on t h e  f l a t  p l a t e  f o r  v a r io u s  
f i n  sweeps
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Figure  6 .5  shows t h e  computed p r e s s u r e  d i s t r i b u t i o n  on t h e  f i n  
l ead ing  edge f o r  0° and 45° swept f i n s .  The r e s u l t s  c l e a r l y  demon­
s t r a t e  t h e  d ramatic  i n f l u e n c e  o f  t h e  f i n  sweep on t h e  p r e s s u r e  d i s t r i ­
b u t io n .  I t  i s  seen t h a t  as t h e  f i n  sweep i n c r e a s e s ,  t h e  peak p r e s s u r e  
and i t s  l o c a t io n  along t h e  f i n  l e a d in g  edge dec reases  d r a m a t i c a l l y .
The l o c a t i o n  and magnitude o f  minimum p r e s s u r e  on the  f i n  l ead ing  edge 
a l s o  shows a d r a s t i c  v a r i a t i o n  in  t h e  45° sweep case  as compared to  
t h e  0° sweep case .
F igu re  6 .6  shows t h e  comparison o f  p r e s s u r e  d i s t r i b u t i o n  on the  
f l a t  p l a t e  ahead o f  the  f i n  l ea d ing  edge f o r  0° and 45° swept f i n s .
I t  i s  seen t h a t  as t h e  f i n  sweep ang le  i n c r e a s e s  t h e  p o i n t  o f  s e p a r a ­
t i o n  o f  the  incoming f low moves c l o s e r  t o  t h e  f i n  l ea d in g  edge.  Also,  
as  t h e  sweep i n c r e a s e s ,  no d e f i n i t e  f i r s t  peak in  p r e s s u r e  i s  
obse rved .  The f i n a l  p r e s s u r e  jump ac ross  t h e  f i n  l ea d ing  edge shock 
a l s o  shows a d r a s t i c  r e d u c t i o n  in  t h e  p r e s s u r e  f o r  t h e  45° swept f i n  
as compared to  t h e  0* swept f i n .  This  i s  because the  f low goes 
th rough a severe  adverse  env ironmen t ,  s i n c e  the  f i n  bow shock i s  
a l igned  normal t o  t h e  incoming f low f o r  t h e  0° sweep f i n .  In t h e  case  
o f  t h e  45* swept f i n ,  t h e  incoming f low goes th rough t h e  o b l iq u e  bow 
shock formed ahead o f  t h e  f i n  and s u f f e r s  l e s s  severe  change as 
compared to  t h e  0° swept f i n .  Thi s  i s  t h e  reason f o r  r e d u c t io n  in  t h e  
l eve l  o f  the  peak p r e s s u r e  o f  t h e  f low ahead of  t h e  45° swept f i n .
F ig u re  6 .7 a  and 6 .7b  show t h e  Mach number co n to u r s  i n  t h e  plane  
o f  symmetry f o r  0* and 45* swept f i n s .  The s e p a r a t i o n  shock,  f i n  bow 
shock ,  and th e  two r e v e r s e d  s u p e rs o n ic  zones ( in  the  c a se  o f  0 “ sweep) 
have been c l e a r l y  i d e n t i f i e d .  As t h e  sweep angle i n c r e a s e s ,  t h e  Mach 
number con tours  show c l e a r l y  t h e  d e c re a s e  in t h e  e x t e n t  o f  t h e
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Fig .  6 . 5  P r e s s u r e  d i s t r i b u t i o n  on th e  f i n  l e a d i n g  edge f o r  v a r io u s  
f i n  sweeps in  a t h i c k  l am ina r  boundary l a y e r
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Fig .  6 .7  Mach number c o n to u r s  in  t h e  p lane  o f  symmetry f o r  
va r io u s  f i n  sweeps: ( a )  sweep ang le  = 0°
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3.2 BOW SHOCK
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s e p a r a t e d  r e g i o n .  I t  i s  no ted  t h a t  t h e  two r e v e r s e d  s u p e rs o n ic  zones 
(one on th e  f i n  and one on t h e  p l a t e )  a re  e l i m i n a t e d  in t h e  45° swept 
f i n  c a s e .  A l a r g e  v a r i a t i o n  in  t h e  Mach nunber i s  noted behind th e  
f i n  bow shock f o r  t h e  0° sweep f i n  as compared t o  t h e  45° swept f i n .
The normalized  s t a t i c  p r e s s u r e  c on tou r s  in  t h e  p lane  o f  symmetry 
are  shown in F igs .  6 .8 a  and 6.8b f o r  08 and 45° swept f i n s .  The 
r e g i o n s  o f  high p r e s s u r e  a t  t h e  f i n  l ea d ing  edge and low p r e s s u r e  at  
t h e  c o rn e r  are  c l e a r l y  seen in t h e  con to ur  p l o t s .  As compared t o  t h e  
unswept f i n  c a s e ,  t h e  p r e s s u r e  behind t h e  shock f o r  t h e  45° swept f i n  
does not  show l a r g e  d i f f e r e n c e s  in  t h e  peak p r e s s u r e .  These two argu­
ments demons t ra te  c l e a r l y  t h e  a m e l io r a t i n g  e f f e c t  o f  t h e  f i n  sweep 
because t h e  l ead ing  edge becomes more and more l i k e  a s l e n d e r  e l l i p s e  
in  t h e  f r e e s t r e a m  d i r e c t i o n  wi th t h e  i n c r e a s e  in  t h e  sweep a n g le .
This means with a swept b l u n t  f i n  on a f l a t  p l a t e ,  t h e r e  i s  a r e d u c ­
t i o n  in t h e  upstream i n f l u e n c e  o f  t h e  bow shock ,  and t h e  e f f e c t  o f  
b lu n tn e s s  a s s o c i a t e d  wi th  t h e  f i n  i s  compressed in to  a small i n t e r ­
a c t i o n  r e g i o n .  In f a c t ,  t h e  sweep c l e a r l y  reduces  t h e  magnitudes o f  
the  i n t e r a c t i o n  and hence t h e  p r e s s u r e  l e v e l s  th ro ughou t  t h e  whole
f low f i e l d .  The c o r r e spond ing  d e n s i t y  c o n to u r s  i n  t h e  p l an e  o f  syn-
%
metry  are  shown in F ig s .  6 .9 a  and 6.9b .
6 .2  Laminar Flow Pas t  a Blunt Fin 
In t h i s  s e c t i o n ,  numerical  r e s u l t s  a r e  compared wi th  a v a i l a b l e  
experimental  d a t a .  Also,  t h e  r e s u l t s  o f  g r i d  r e f inem en t  and o t h e r  
p a ra m e t r i c  s t u d i e s  a r e  p r e s e n t e d  and d i s c u s s e d .
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Fig .  6 . 8  P r e s s u r e  co n to u r s  in  t h e  p lane  o f  symmetry f o r  v a r i o u s  f i n  
sweeps: ( a )  sweep a ng le  = 0°
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F ig .  6 .9  D ens i ty  co n to u r s  i n  t h e  p lane  o f  symmetry f o r  v a r i o u s  f i n  
sweeps: ( a )  sweep a n g le  = 0°
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6 .2 .1  Comparison o f  Computat ions wi th Experimental  Data
The base computa t ions  f o r  t h i s  c a se  have been c a r r i e d  out  us ing  a 
30 x 50 x 30 mesh. The tu n n e l  f low c o n d i t i o n s  a r e  given in  Sec.
5 . 2 . 1 .  The computed p r e s s u r e  d i s t r i b u t i o n  along the  ax is  o f  symmetry 
and comparison wi th  t h e  experiment  a r e  shown in Fig.  6 .10 .  I t  i s  
appa rent  t h a t  in the  experiment  t h e  p r e s s u r e  begins  to  r i s e  a t  about  
ten d iam e te r s  upstream of  t h e  f i n  l e a d in g  edge. The s e p a r a t i o n  
o c c u rs ,  in t h e  expe r im en t ,  f u r t h e r  downstream (X/D = -  6 .8)  between 
the  r e g i o n s  o f  i n i t i a l  p r e s s u r e  r i s e  and p r e s s u r e  p l a t e a u .  The p r e s ­
sure  r ea c he s  a v a l l e y  downstream o f  t h e  p l a t e a u  reg ion  and then  
i n c r e a s e s  ac ro s s  t h e  de tached  bow shock.  The seconda ry  s e p a r a t i o n  in 
the  r e v e r s e d  f low occurs  between t h e  p r e s s u r e  v a l l e y  and th e  p r e s s u r e  
p l a t e a u .  The computed r e s u l t s  u s in g  t h e  base g r i d  (30 x 50 x 30) are  
in r e a s o n a b le  agreement  wi th t h e  experiment  in  t h e  r eg io n  upstream o f  
t he  p r e s s u r e  p l a t e a u .  As observed  in  t h e  experiment ,  t h e  l o c a t i o n  o f  
s e p a r a t i o n  and i n i t i a l  p r e s s u r e  r i s e  a re  c l o s e l y  p r e d i c t e d  by t h e  
computa t ions .  However, t h e  agreement  between t h e  computed and e x p e r i ­
mental r e s u l t s  i s  no t  v e ry  good downstream o f  t h e  p l a t e a u .  F u r t h e r ,  
t h e  computed r e s u l t s  f a i l  t o  p r e d i c t  t h e  leng th  o f  t h e  p l a t e a u  reg io n  
a c c u r a t e l y .
The computed p r e s s u r e  d i s t r i b u t i o n  along t h e  f i n  s t a g n a t i o n  l i n e  
(<}> = 0 ° ) ,  and along v a r i o u s  $ = c o n s t a n t  and X/D = c o n s t a n t  l i n e s  on 
t h e  f i n  s u r f a c e ,  a r e  shown in  F i g s .  6 .11a  and 6 .1 1b .  For $ = 0° and 
45°,  t h e  f i n  l ead ing  edge p r e s s u r e  i s  r e f e r e n c e d  to  t h e  t o t a l  p r e s ­
s u r e ,  pt 2 , behind t h e  normal shock.  Otherwise ,  i t  i s  r e f e r e n c e d  t o  
t h e  f r e e s t r e a m  s t a t i c  p r e s s u r e  p^.  I t  i s  c l e a r  from t h e  computed 
r e s u l t s  t h a t  t h e  peak p r e s s u r e  on t h e  f i n  s u r f a c e  dec re a ses
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s u b s t a n t i a l l y  as  t h e  f low expands around t h e  b l u n t  f i n .  The peak 
p res su re  on th e  f i n  s u r f a c e  a t  4> = 0° i s  about  1 .1  and a t  <t> = 45* i t  
i s  app rox im ate ly  0 .6 .  The magni tude o f  t h e  minimum p r e s s u r e  a l s o  
drops a t  <f> = 45* bu t  no t  as much as the  peak p r e s s u r e .  The p r e s s u r e  
drops below t h e  va lu e  o f  t h e  t o t a l  p r e s s u r e  p ^  behind t h e  normal
shock.  The computed r e s u l t s  a long t h e  f i n  s id e  f a c e  (F ig .  6.11b)  show
t h a t  t h e  p r e s s u r e  drops below t h e  va lu e  o f  f r e e s t r e a m  s t a t i c  p r e s s u r e .  
As t h e  f low c o n t inue s  t o  move downstream t h e  ex tremely  low p r e s s u r e  on 
th e  f i n  s u r f a c e  va n ishe s  downstream o f  t h e  sho u ld e r .
The computed and t h e  e x p e r i m e n t a l l y  measured s t reamwise  v e l o c i t y
p r o f i l e s  a long th e  l i n e  o f  symmetry a re  shown in  Fig .  6 .12 .  The
streamwise v e l o c i t y  component i s  nond imens iona l ized  with r e f e r e n c e  t o
th e  f r e e s t r e a m  v e l o c i t y  U ; U i s  nomina l ly  560 m/sec.  The dashed* e e
l i n e s  a long th e  v e r t i c a l  a x i s  show t h e  d i s p l a c e d  o r i g i n  t o  avoid ove r ­
crowding o f  t h e  f i g u r e s .  The s t reamwise  v e l o c i t y  p r o f i l e s  a long X/D =
- 8 . 0  and - 7 .2  (F ig .  6 .12a)  i n d i c a t e  p r e s e p a r a t i o n  b e h a v io r .  The 
v e l o c i t y  p r o f i l e  a t  X/D = - 6 . 4  i n d i c a t e s  t h a t  t h e  s e p a r a t i o n  occurs  in  
c l o s e  v i c i n i t y  o f  X/D = - 6 . 4 .  In t h e  expe r im en t ,  t h e  s e p a r a t i o n  
occurs  around X/D = - 6 . 8 .  However, i t  was d i f f i c u l t  t o  make r e p e a t -  
ab le  measurements  a t  t h a t  l o c a t i o n  due t o  t h e  i n h e r e n t  u n s t e a d i n e s s  o f  
the  f low .  Also,  due t o  t h e  small s c a l e  o f  t h e  r e v e r s e d  f low r e g io n  a t  
X/D = - 6 . 4 ,  i t  was found d i f f i c u l t  t o  d e t e c t  t h e  r e v e r s e d  f low reg io n  
in t h e  v i c i n i t y  o f  t h e  p r im ary  s e p a r a t i o n  l i n e .  The v e l o c i t y  p r o f i l e  
a t  X/D = - 5 .6  c l e a r l y  shows t h e  r e v e r s e d  f low r e g i o n .  The v e l o c i t y  
p r o f i l e s  a t  X/D = - 4 . 8 ,  - 4 . 0 ,  and - 3 . 2  are  shown in F ig .  6 .12b .  These 
r e s u l t s  show t h a t  t h e  magnitude and h e ig h t  o f  t h e  r e v e r s e d  f low reg io n  
in c r e a s e s  with i n c r e a s i n g  X/D. The s t reamwise  v e l o c i t y  p r o f i l e s
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Fig .  6 .12 Comparison o f  s t r eamwise  v e l o c i t y  p r o f i l e :  (a )  a long
X/D = - 8 . 0 ,  - 7 . 2 ,  - 6 . 4  and - 5 . 6
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a t  X/D = - 2 .4  and - 1 .6  a re  given in  F ig .  6 .1 2c .  The experimental  
measurements show t h a t  t h e  maximum magnitude o f  t h e  r e v e r s e  v e l o c i t i e s  
a t  t h e s e  two l o c a t i o n s  a r e  approx im ate ly  e q u a l .  At t h e s e  l o c a t i o n s ,  
computed r e s u l t s  d e v ia t e  s i g n i f i c a n t l y  from measurement .  The he igh t  
o f  t h e  r eve r sed  f low reg io n  d e c re a s e s  wi th i n c r e a s i n g  X/D. The 
measured s t reamwise v e l o c i t y  p r o f i l e s  a t  X/D = - 3 . 2 ,  - 2 . 4 ,  and -1 .6  
d i s p l a y  s i g n i f i c a n t  kinks between t h e  o u t e r  edge o f  t h e  r e v e r s e d  f low 
reg ion  and the  edge of  t h e  boundary l a y e r .  This phenomena i s  
a t t r i b u t e d  to  t h e  i n h e r e n t  u n s t e a d i n e s s  p r e s e n t  in  t h e  f low .  The 
computed v e l o c i t y  p r o f i l e s  do no t  d i s p l a y  such behav io r  because t h e  
f low i s  assumed t o  be s t e a d y .
The v e r t i c a l  v e l o c i t y  p r o f i l e s  a t  X/D = - 4 . 8 ,  - 4 . 0 ,  - 3 . 2 ,  - 2 . 4 ,  
and -1 .6  are shown in F igs .  6 .13a  and 6 .13b .  The maximum v e l o c i t y  
o c c u r s  around t h e  o u t e r  edge o f  t h e  boundary l a y e r .  The magnitude of  
t h e  v e l o c i t y  then s t a r t s  d e c re a s in g  in t h e  z - d i r e c t i o n  towards the  
f r e e s t r e a m .  The maximum v e l o c i t y  toward t h e  p l a t e  and th e  h e ig h t  o f  
t h e  r eve r sed  f low reg ion  F ig .  6 . 1 2 a , b , c  i n c r e a s e s  with i n c r e a s i n g  
X/D.
The p o s t u l a t e d  mean s t r e a m l i n e  p a t t e r n  shown in F ig .  2 .2  r e q u i r e s  
p o s i t i v e  s t reamwise v e l o c i t i e s  c l o s e  to  t h e  f l a t  p l a t e  s l i g h t l y  up­
s tr eam  of  secondary  and t e r t i a r y  s e p a r a t i o n  l i n e s .  The f low s t r u c t u r e  
observed in the  j u n c t i o n  dem ons t ra tes  t h a t  ac ross  t h e  boundary l a y e r ,  
in  t h e  v i c i n i t y  o f  secondary  and t e r t i a r y  s e p a r a t i o n  l i n e s ,  t h e  v e r t i ­
cal  v e l o c i t i e s  remain p o s i t i v e .  Moreover ,  t h e  v o r t i c a l  p a t t e r n  a l s o  
r e q u i r e s  t h a t  t h e  v e r t i c a l  v e l o c i t y  p r o f i l e  change i t s  s ig n  more than 
once dur ing a s treamwise t r a v e r s e  a long v a r io u s  z = c o n s t a n t  l i n e s .  
However, t h e  p r e s e n t  v e r t i c a l  v e l o c i t y  p r o f i l e s  do not  show such
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Fig .  6 .13  Comparison o f  v e r t i c a l  v e l o c i t y  p r o f i l e :  ( a )  a long
X/D = - 4 . 8 ,  - 4 . 0  and - 3 . 2
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b e h a v io r .  I t  can be hypo thes ized  t h a t  t h e  l o c a t io n s  o f  vo r tex  c e n t e r s  
are  t ime de penden t ,  but  t h e  t ime averaged s u r f a c e  l o c a t i o n s  where the  
v o r t i c e s  a re  shed remain approx im ate ly  c o n s t a n t .  Thus,  t h e  s t r e a m l i n e  
p a t t e r n  given in the  p lane  of  synwet ry can be considered  as one o f  t h e  
p o s s i b l e  s t r e a m l i n e s  which succeed each o t h e r  in t im e .  Tobak and 
Peake [56]  have shown such a p o s t u l a t e d  sequence of  t h e  c y c l i c  v o r t i ­
c a l  s t r u c t u r e s  in  low speed lam inar  f low p a s t  a c i r c u l a r  c y l i n d e r .
The unsteady  n a t u r e  o f  high speed lam inar  f low can be s i m i l a r  t o  low 
speed laminar  f lo w .  However, f u r t h e r  s tudy  i s  r equ i red  t o  unde rs tand  
th e  unsteady  n a t u r e  o f  t h i s  type  o f  f low f i e l d .  The l i m i t i n g  s t ream­
l i n e  p a t t e r n s  on t h e  p l a t e  s u r f a c e  shown in Fig.  6 .14  d e p i c t s  t h e  
s e p a r a t i o n  and r e a t t a c h m e n t  l i n e s  on t h e  f l a t  p l a t e .  The pr imary  
s e p a r a t i o n ,  c o r re spond ing  t o  the  most  upstream s e p a r a t i o n  l o c a t i o n  o f  
t h e  p l a t e  boundary l a y e r ,  occurs  rough ly  a t  about X/D = - 6 . 2 .  The 
r e a t t a c h m e n t  l i n e  o f  t h e  f low i s  l o c a t e d  ve ry  c lo se  t o  t h e  f i n .
6 . 2 . 2  E f f e c t  o f  Grid and Flow Pa rameters
In t h i s  s u b s e c t i o n ,  t h e  r e s u l t s  o f  t h e  pa ram et r ic  s tudy  o f  g r i d  
r e s o l u t i o n  and v a r i a t i o n  in Mach and u n i t  Reynolds numbers a r e  p re -  
| s e n t e d .  For v a r i o u s  c a s e s ,  t h e  f low f i e l d  i s  i n v e s t i g a t e d  f o r  t h e
f r e e s t r e a m  c o n d i t i o n s  given  in  Sec.  5 . 2 . 2 .
The e f f e c t s  o f  g r i d  r e f inem e n t  on t h e  wall p r e s s u r e  d i s t r i b u t i o n  
along th e  l i n e  o f  symmetry a r e  shown in F ig .  6.10. These r e s u l t s  
demons t ra te  t h a t  computa t ions  us ing  t h r e e  d i f f e r e n t  g r i d s  y i e l d  iden ­
t i c a l  r e s u l t s  ex c ep t  f o r  t h e  v a r i a t i o n  in  t h e  magnitude o f  t h e  p r e s ­
su re  v a l l e y .  The computed p r e s s u r e  d i s t r i b u t i o n  along <f> = 0* and 45° 
a r e  shown in F ig .  6 .11a .  F u r th e r  p l o t s  o f  p r e s su re  d i s t r i b u t i o n  along
f-— - —  ------------------------------------------------------------------——-----   —  .
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14 L im i t in g  s t r e a m l i n e s  on t h e  f l a t  p l a t e  f o r  l aminar  f low 
p a s t  a b l u n t  f i n
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<f> = 90° and downstream o f  the  f i n  shou lde r  (X/D = 2 . 4  and 4 . 5 )  are  
shown in Fig.  6 .11b .  The p r e s s u r e  d i s t r i b u t i o n  a long  4> = 0° i s  most 
s e n s i t i v e  t o  t h e  g r i d  r e f in em e n t .
The s e n s i t i v i t y  o f  the  g r i d  on s t r eamwise  v e l o c i t y  p r o f i l e s  a t  
v a r i o u s  l o c a t i o n s  upstream o f  t h e  f i n  l ea d ing  edge a re  shown in Fig.  
6 . 1 2 .  The most  upstream s e p a r a t i o n  l o c a t i o n  o f  t h e  f l a t  p l a t e  
boundary l a y e r  i s  i n s e n s i t i v e  t o  t h e  g r i d  r e f i n e m e n t .  The computed 
r e s u l t s  g e n e r a l l y  appear  t o  move towards t h e  exper im en ta l  d a t a  with 
r e f i n e d  mesh. However, a t  X/D = - 2 .4  and - 1 .6  ( F ig .  6 . 1 2 c ) ,  t h e  
numerical  p r e d i c t i o n  using f i n e  mesh (40 x 100 x 50) s t i l l  d i s p l a y  
l a r g e  d i s c r e p a n c i e s  with t h e  exper imen t .  The v e r t i c a l  v e l o c i t y  p ro­
f i l e s  and comparison with t h e  experimenta l  d a t a  f o r  v a r io u s  s treamwise 
l o c a t i o n s  are shown in Fig.  6 .1 3 .  The c o a r s e  g r i d  (30 x 50 x 30) 
s o l u t i o n  a t  X/D = - 4 . 0  and - 3 .2  show some d i sc r e p a n c y  with t h e  e x p e r i ­
ment f o r  z - l o c a t i o n s  l e s s  than 2.5 mm. Computat ions using  t h e  f i n e  
g r i d  a r e  ab le  t o  improve th e  p r e d i c t i o n  with t h e  experiment  a t  these  
l o c a t i o n s .
The n u m er i ca l ly  s im ula ted  p a r t i c l e  p a th s  in  t h e  p l an e  o f  symmetry 
f o r  v a r io u s  g r i d s  s tu d i e d  are  shown in F ig .  6 .15 .  The s o l u t i o n s  show 
t h e  presence  o f  two clockw ise  r o t a t i n g  pr im ary  v o r t i c e s  and a t h i r d  
co u n te r  c lockwise  r o t a t i n g  vo r te x  a t  t h e  c o r n e r .  These r e s u l t s  demon­
s t r a t e  t h a t  t h e  s t r u c t u r e  o f  t h e  f low i s  r e l a t i v e l y  i n s e n s i t i v e  t o  the 
g r id  employed.
The g r id  r e f inem en t  s tudy  d i s c u s s e d  in  t h e  p rev ious  parag raphs  
e s t a b l i s h e d  t h a t  a 40 x 100 x 30 mesh i s  s u f f i c i e n t  t o  p r e d i c t  the  
e xperimenta l  measurements .  The e f f e c t  o f  Mach number on t h e  p r e s s u r e  
d i s t r i b u t i o n  in t h e  plane  o f  symmetry i s  shown in F ig .  6 .16 using  a 40
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Fig .  6 .
sagMgswwm
PRIMARY VORTICES CORNER VORTEX
15 P a r t i c l e  p a th s  in  t h e  p l a n e  o f  symmetry f o r  v a r io u s  
g r id  r e f i n e m e n t s :  (a )  30x50x30 g r i d
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CORNER VORTEXPRIMARY VORTICES
Fig .  6 . 1 5 ( c o n t in u e d )  (b )  40x100x30 g r id
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F ig .  6 .16  P r e s s u r e  d i s t r i b u t i o n  a lo ng  t h e  l i n e  o f  symmetry f o r  
v a r i o u s  Mach numbers
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x 100 x 30 mesh. The e f f e c t  o f  i n c r e a s i n g  t h e  Mach number i s  t o
decrease  the  l eng th  o f  t h e  most upstream s e p a r a t i o n  d i s t a n c e .  Also
th e  magnitude of  t h e  p r e s s u r e  p l a t e a u  f o l low ing  s e p a r a t i o n  i n c r e a s e s
with an i n c r e a s e  in the  Mach n imber .  The p r e s s u r e  d i s t r i b u t i o n  along
t h e  f i n  s t a g n a t i o n  l i n e  shown in F ig .  6 .17 i n d i c a t e  t h a t  as t h e  Mach
number i n c r e a s e s  t h e  z - l o c a t i o n  co r re spond ing  to  t h e  peak p r e s s u r e
d e c r e a s e s .  However, t h e  l e v e l  o f  peak p r e s s u r e  remains c o n s t a n t  f o r
M = 2.36 and 3 .5 .  The minimum p r e s s u r e  on the  f i n  a l so  shows a 
00
d r a s t i c  r e d u c t io n  with i n c r e a s e  in  t h e  Mach number. Also,  t h e  v a r i ­
a t i o n  in p r e s s u r e  from a peak t o  a minimum i n c r e a s e s  wi th  i n c r e a s i n g  
Mach number.
The s t reamwise v e l o c i t y  p r o f i l e s  f o r  v a r io u s  Mach numbers a re  
shown in F ig s .  6 .18a  and 6.18b a t  s e l e c t e d  X/D l o c a t i o n s .  The e f f e c t  
o f  i n c r e a s i n g  th e  Mach number i s  t o  i n c r e a s e  t h e  maximum r e v e r s e  
v e l o c i t y  towards t h e  f l a t  p l a t e .  The s imulated  p a r t i c l e  pa ths  ( in  t h e  
plane  o f  symmetry) a t  v a r io u s  Mach numbers a r e  shown in Fig.  6 .19.
The r e s u l t s  of  F ig s .  6.19b and 6 .19c  demons t ra te  t h a t  t h e  f low a t  
h ig h e r  Mach numbers (M^ = 2 .3 6  and 3 .5 )  d i s p l a y  no abrupt  change in 
t h e  v o r t i c a l  s t r u c t u r e .  However, a t  M = 1.2 (F ig .  6 . 1 9 a ) ,  on ly  aao
s i n g l e  vo r te x  r o t a t i n g  in t h e  c lockw ise  d i r e c t i o n  can be seen as 
opposed t o  m u l t i - v o r t e x  p a t t e r n s  obse rved  a t  h igher  Mach numbers. 
S imi la r  t r e n d s  in  f low p a t t e r n s  were observed by Baker [3]  in  low 
speed lam inar  f low where t h e  number o f  v o r t i c e s  in  t h e  j u n c t i o n  
i n c r e a s e s  with f r e e s t r e a m  v e l o c i t y .
The e f f e c t  o f  u n i t  Reynolds  number on the  p r e s s u r e  d i s t r i b u t i o n  
along t h e  l i n e  o f  symmetry i s  shown in Fig.  6 .20 .  The e f f e c t  o f  
i n c r e a s i n g  t h e  Reynolds number i s  t o  move t h e  l o c a t i o n  o f  t h e  f i r s t











Fig .  6 .17 P r e s s u r e  d i s t r i b u t i o n  a long  th e  f i n  s t a g n a t i o n  l i n e  f o r  
v a r i o u s  Mach numbers
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F ig .  6 .18  Streamwise v e l o c i t y  p r o f i l e s  f o r  v a r i o u s  Mach numbers 
( a )  a long  X/D = - 4 .0  and - 3 .2
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F ig .  6 . 18 (con t inued)  (b)  a long X/D = - 2 . 4  and - 1 .6
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F ig .  6 .19  P a r t i c l e  p a th s  in  t h e  p l an e  o f  symmetry f o r  v a r io u s  
Mach numbers: ( a )  M_ = 1 .2
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Fig. 6.19(continued) (b) M,,, = 2.36
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PRIMARY V O R T IC E S -^  CORNER VORTEX
Fig .  6 . 19 (con t inued)  ( c )  M„ = 3 .5
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Fig .  6 .20 P r e s s u r e  d i s t r i b u t i o n  a lo ng  t h e  l i n e  o f  symmetry f o r  
v a r io u s  u n i t  Reynolds  number
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peak in  p r e s s u r e  s l i g h t l y  inboard  toward the  f i n  l ea d ing  edge.  The 
magnitude of  the  p r e s s u r e  p l a t e a u  remains approximate ly  c o n s t a n t .  The 
p r e s s u r e  d i s t r i b u t i o n  along th e  f i n  s t a g n a t io n  l i n e  (F ig .  6 .21)  show 
t h a t  as the  Reynolds number i s  i n c r e a s e d ,  the  z - l o c a t i o n  correspond in g  
t o  peak p r e s s u r e  moves s l i g h t l y  upward. The minimum p r e s s u r e  around 
Z/D = 0.5 a lso  shows a s u b s t a n t i a l  v a r i a t i o n  t o  the  i n c r e a s e  in t h e  
u n i t  Reynolds nimber.
The s t reamwise v e l o c i t y  p r o f i l e  a t  va r ious  X/D l o c a t i o n s  shown in 
Fig .  6.22 demons t ra tes  t h a t  t h e  maximun r e v e r s e  v e l o c i t y  toward t h e  
p l a t e  i n c r e a s e s  with an i n c r e a s e  in  t h e  Reynolds nimber.  A lso ,  t h e  
h e ig h t  of  t h e  r eve r sed  f low reg io n  above th e  f l a t  p l a t e  d e c re a s e s  with 
an i n c r e a s e  in t h e  Reynolds nimber .  The computed p a r t i c l e  p a t h s ,  in 
the  p lane  of  symmetry ( F ig .  6 . 2 3 ) ,  show the  e f f e c t  o f  Reynolds number 
on th e  f low s t r u c t u r e .  The f low s t r u c t u r e s  a t  two h igher  Reynolds  
numbers (F ig .  6.23b and 6.23c)  show th e  presence o f  t h r e e  v o r t i c e s ,  in 
c o n t r a s t  t o  the  s i t u a t i o n  a t  the  lowes t  Reynolds nimber  (F ig .  6 .23a)  
which d e p i c t s  only two v o r t i c e s .
6 .3  Computation o f  Three-Dimensional  Sharp Fin Flow F i e ld  
6 . 3 . 1  Flow P as t  a 16° Sharp Fin
The f low p a s t  a 16° sharp  f i n  i s  s imulated us ing t h e  c o n d i t i o n s  
given in  Sec. 5 . 3 . 1 .  The computa t ions  were performed using  a 40 x 45 
x 45 mesh. The y+ l o c a t i o n  o f  t h e  f i r s t  mesh p o i n t  ahead o f  t h e  
i n t e r a c t i o n  reg ion  i s  s e t  a t  a d i s t a n c e  o f  l e s s  than  5 wall u n i t s  from 
t h e  f i n  and f l a t  p l a t e  s u r f a c e .  The p r e s e n t  computa t ions  a r e  compared 
with t h e  p rev ious  numerical  work o f  Horstman [56] and t h e  experimenta l  
measurements o f  Peake [53]  f o r  i d e n t i c a l  f low c o n d i t i o n s .


















Fig .  6 .21  P r e s s u r e  d i s t r i b u t i o n  a lo ng  the  f i n  s t a g n a t io n  l i n e  f o r  
v a r i o u s  u n i t  Reynolds  number
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F ig .  6 .22  Streamwise v e l o c i t y  p r o f i l e s  f o r  v a r i o u s  u n i t  Reynolds 
number: ( a )  a long  X/D = - 4 . 0  and - 3 . 2
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Fig .  6 . 2 2 ( c o n t i n u e d )  (b) a long X/D = - 2 . 4  and - 1 . 6
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PRIMARY VORTEX CORNER VORTEX
Fig .  6 .23  P a r t i c l e  p a t h s  in  t h e  p lane  o f  symmetry f o r  v a r i o u s  u n i t  
Reynolds number: ( a )  Re^ = 1 .2 x l 0 6m-1
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F ig .  6 . 2 3 ( c o n t i n u e d )  (b)  Re& = 2 .5 x l 0 6m-1
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PRIMARY VORTICES CORNER VORTEX-
Fig .  6 . 23 (con t inued)  ( c )  Re» = 5xl06m_1
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The comparison o f  p r e s e n t  r e s u l t s  with p rev ious  numerical and
experimental  i n v e s t i g a t i o n s  are  given in  F ig s .  6 .2 4 - 6 .2 6 .  F igu re  6.24
shows th e  wal l  p r e s s u r e  d i s t r i b u t i o n  on t h e  f l a t  p l a t e .  The wall
p ressu re  i s  nondimens ional ized with r e s p e c t  t o  the  f r e e s t r e a m  s t a t i c
p r e s s u r e .  The a b s c i s s a  ( x" xs hoc |<) i s  normalized wi th r e s p e c t  t o  the
incoming boundary l a y e r  t h i c k n e s s  6q upstream of  t h e  i n t e r a c t i o n  and
x L , i s  the  ax ia l  l o c a t i o n  o f  t h e  i n v i s c i d  shock wave a t  a s p e c i f i e d  
shock
spanwise s t a t i o n .
The p r e s s u r e  d i s t r i b u t i o n  c u rve  p r e d i c t s  a gradua l  p r e s s u r e  r i s e  
due to  s e p a r a t i o n  o f  t h e  incoming boundary l a y e r .  The p r e s s u r e  then 
reaches  a p l a t e a u  fo l lowed by a f i n a l  compression as t h e  f low goes 
pas t  the  f i n  l ead ing  edge ob l ique  shock wave. All o f  t h e  f e a t u r e s  
observed in t h e  experiment  a r e  c l o s e l y  p r e d i c t e d  by t h e  p r e s e n t  nuner-  
i ca l  s im u l a t io n .  I t  i s  i n t e r e s t i n g  t o  s ee  t h a t  t h e  p r e s e n t  c a l c u ­
l a t i o n  agrees  ve ry  c l o s e l y  wi th  t h e  experiment  as  compared to  the  
previous numerical s im u l a t io n .  A t y p i c a l  i n v i s c i d  s o l u t i o n  i s  a lso  
shown in F ig .  6 .24 .  I t  i s  c l e a r  t h a t  t h e  p r e s e n t  c a l c u l a t i o n s  do not  
give a c r i s p  r e p r e s e n t a t i o n  o f  t h e  shock s t r u c t u r e  due t o  t h e  n a tu r e  
o f  t h e  scheme employed in t h e  p r e s e n t  s tu d y .
A comparison o f  t h e  computed s u r f a c e  yaw a n g le s ,  t a n  ^ ( v / u ) ,  
w i th  t h e  experimental  d a t a  i s  shown in F ig .  6 .25 .  The maximum 
computed s u r f a c e  angle  (from t h e  p r e s e n t  computat ion)  i s  about  67.5°  
whereas p rev ious  computa t ions have p r e d i c t e d  an ang le  o f  about 88°.
The maximum measured angle  from t h e  expe riment  i s  about 48*. Peake 
[53 ]  observed some n o n u n i fo r m i t i e s  in  t h e  experiment  due t o  upstream 
nozzle  e f f e c t s .  A vor tex  g e n e r a t o r  was used upstream o f  t h e  t e s t  
s e c t i o n  t o  improve t h e  tunne l  f lo w .  Because o f  t h e s e  c o n d i t i o n s ,  t h e
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Fig .  6 .2 4  P r e s s u r e  d i s t r i b u t i o n  on th e  f l a t  p l a t e  a lo ng  Y/60 = 5.56 
f o r  16° sha rp  f i n
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•  EXPERIMENT (Pcakc . 1976)
120 —  COMPUTATION (Horstman.1979) 
  PRESENT
105
p„=7777 N/m1. T„ = 80K 
M„=4. 6o =0.46cm90
75
I  { > - * ■ " {45
30 -
15 -
- 6 - 4 - 2 0 2-1 0  - 8
,x “ x s h o c k , /6 o
Fig .  6 .25 Yaw a ng le  d i s t r i b u t i o n  on t h e  f l a t  p l a t e  a long Y/«0 = 5.56 
f o r  16° sharp  f i n
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q u a l i t y  o f  t h e  M = 4 experimenta l  d a t a  may not  be s a t i s f a c t o r y .  The 
00
symbols with arrows r e p r e s e n t  t h e  u n c e r t a i n t y  in t h e  experimental  
d a t a .  The maximum d i f f e r e n c e  between th e  computed r e s u l t s  and th e  
mean expe rimental  d a t a  i s  about 40%. The computed sk in  f r i c t i o n  
r e s u l t s  from t h e  p r e s e n t  and p rev ious  n u n e r i c a l  s im u la t io n s  a r e  com­
pared with t h e  experimental  d a t a  ( F ig .  6 . 2 6 ) .  The experimental  
r e s u l t s  a re  seen to  f a l l  between th e  two s e t s  o f  computed r e s u l t s .
6 . 3 . 2  Flow P a s t  a 20* Sharp Fin
For  t h e  ca se  o f  20° sharp f i n  induced shock wave/boundary l a y e r  
i n t e r a c t i o n ,  comparat ive r e s u l t s  were ob ta ine d  co r respond in g  t o  t h e  
c o n d i t i o n s  given in  Sec.  5 . 3 . 2 .  The computa t ions employed a 30 x 50 x 
50 mesh. The y l o c a t i o n  o f  t h e  f i r s t  mesh po in t  i s  s e t  a t  a d i s t a n c e  
o f  l e s s  than  5 wal l  u n i t s  from t h e  f i n  and p l a t e  s u r f a c e .  The p r e s e n t  
computat iona l  r e s u l t s  a re  compared with t h e  p rev ious  computa t iona l  
s tu d y  of  Knight  e t  a l .  [ 5 7 ]  and t h e  experimenta l  work o f  Shapey [54] 
f o r  i d e n t i c a l  f low c o n d i t i o n s .
The computed pi t o t  p r e s s u r e  p r o f i l e  a t  s t a t i o n  1 and 2 (F ig .  5 .2)  
l o c a t e d  upstream o f  t h e  i n t e r a c t i o n  r e g io n  are  given in  F igs .  6 .27a  
and 6 .27b .  The computed and exper im en ta l  p i t o t  p r o f i l e s  a t  s t a t i o n s  3 
through  8 ( F ig .  5 .2)  a re  d i s p l a y e d  in  F igs .  6 .2 7c -6 .27h .  The 
a b s c i s s a  in a l l  f i g u r e s  i s  t h e  p i t o t  p r e s s u r e  Pp normalized  by t h e  
upstream f r e e s t r e a m  p i t o t  p r e s s u r e  p . The o r d i n a t e  r e p r e s e n t s  t h eP»
d i s t a n c e  measured from th e  f l a t  p l a t e  s u r f a c e  normalized by th e  up­
s tream boundary l a y e r  t h i c k n e s s  6 g .  I t  should be noted t h a t  in 
ge nera l  6g i s  no t  t h e  a p p r o p r i a t e  v e r t i c a l  s c a l i n g  f a c t o r  f o r  t h i s  
complex i n t e r a c t i o n  f low f i e l d .  As suggested  by t h e  experimenta l  d a t a
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission
•  EXPERIMENT (P*ak«, 1976)
—  COMPUTATION IHorstman.1979) 
  PRESENT
3.0
p.=7777 N /m 2. T.=80K  
M„=4, &o =0.46cm2.0
| / e l,
1.0
4202- 1 0  - 8 - 6
,x - x shock,/6 o
Fig .  6 .26  Skin f r i c t i o n  d i s t r i b u t i o n  on th e  f l a t  p l a t e  a long Y/60 
5.56 f o r  16° sharp  f i n
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Fig .  6 .27 P i t o t  p r e s s u r e  d i s t r i b u t i o n  a t  d i f f e r e n t  a x i a l  l o c a t i o n s  
f o r  20° sha rp  f i n :  ( a )  s t a t i o n  1
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Fig .  6 . 27 (con t inued )  (b)  s t a t i o n  2
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o f  McClure and Doll ing [58 ]  t h e  a p p r o p r i a t e  v e r t i c a l  s c a l i n g  f a c t o r  i s  
1/3given by Z Re^ / 6 q where 6 g i s  t h e  e x p e r i m e n t a l l y  measured boundary
l a y e r  t h i c k n e s s  immediately upstream of  t h e  shock (w i thou t  t h e  f i n  
e f f e c t s )  a t  t h e  s p e c i f i e d  spanwise l o c a t i o n .  The s e l e c t i o n  o f  6q as 
the  a p p r o p r i a t e  s c a l i n g  f a c t o r  was m ot iva ted  by t h e  d e s i r e  t o  c l e a r l y  
demons t ra te  t h e  v e r t i c a l  e x t e n t  o f  t h e  i n t e r a c t i o n  r e l a t i v e  t o  the 
h e ig h t  of  the  incoming boundary l a y e r  a t  t h e  l o c a t i o n  upstream o f  t h e  
f i n  i n t e r a c t i o n .  S i m i l a r l y ,  t h e  p r o f i l e s  a re  shown a t  s e l e c t e d
streamwise l o c a t i o n s  wbere x s = x“x Sh0ck and x shock t h e
l o c a t i o n  o f  t h e  t h e o r e t i c a l  i n v i s c i d  shock a t  a s p e c i f i e d  spanwise
l o c a t i o n .  I t  should be noted  t h a t  t h e  expe riments  by S e t t l e s  and
Bogdonoff [ 5 9 ] ,  Doll ing and Bodgonoff [ 6 0 ] ,  and Lu and S e t t l e s  [61]
• 1 / 3
i n d i c a t e  t h a t  t h e  a p p r o p r i a t e  s c a l i n g  i s  given by X$ = Xg Refi /6q .
Figure  6.27c shows th e  comparison o f  computed p i t o t  p r e s s u r e  
d i s t r i b u t i o n  with t h e  experiment  a t  s t a t i o n  3 which i s  c o in c i d e n t  with 
t h e  l i n e  o f  c o a le s c e n c e .  The r e s u l t s  from th e  p rev ious  n tm e r ic a l  
s tudy  a re  a l s o  inc lude d .  In gene ra l  t h e  agreement  between t h e  p r e s e n t  
r e s u l t s  and th e  p rev ious  exper im en ta l  and numerical  r e s u l t s  are  q u i t e  
good.  F igu re  6.27d shows t h e  comparison o f  t h e  r e s u l t s  a t  s t a t i o n  4,  
lo c a t e d  approx imate ly  o n e - t h i r d  o f  t h e  d i s t a n c e  between t h e  l i n e  o f  
co a le s c e n c e  and t h e  f i n  o b l iq u e  shock wave a t  t h e  s p e c i f i e d  spanwise 
l o c a t i o n .  The computed and experimenta l  p r o f i l e s  d i s p l a y  a modest 
"overshoo t"  o u t s i d e  t h e  boundary l a y e r ,  a s s o c i a t e d  wi th  t h e  compres­
s ion  system ahead o f  t h e  shock wave. The comparison o f  computed p r e s ­
s u r e  p r o f i l e s  with experiment  a long s t a t i o n  5, lo c a t e d  a t  approx i ­
mate ly  t w o - t h i r d s  o f  t h e  d i s t a n c e  between t h e  l i n e  o f  coa le sce nc e  and
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’  •  EXPERIMENT (Shapcy. 19871 
°  - — COMPUTED (Knight. «t a(.1987)
' '  PRESENT
p- =688320 N/ml , T .*2 60 K
M„=2.93. 60 =1.26cm
Fig .  6 .2 7 ( c o n t in u e d )  ( c )  s t a t i o n  3
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•  EXPERIMENT (S hapey ,  1987)
L  COMPUTED (Knight, e t al.1987)
•  PRESENT
p„=688320 N/m1, T„=260K
£  M.=2.93, 60 =1.26cm
Fig .  6 . 2 7 (co n t in u e d )  (d)  s t a t i o n  4
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t he  i n v i s c i d  shock wave a t  t h e  s p e c i f i e d  spanwise p o s i t i o n  i s  given in 
F ig .  6 .2 7 e .  The experimenta l  p r o f i l e s  d i s p l a y  a s l i g h t l y  S-shaped 
behav io r  nea r  t h e  w a l l ,  which i s  l e s s  apparen t  in  the  computed 
p r o f i l e s  a t  t h i s  l o c a t i o n .  The overshoo t  in  t h e  p i t o t  p r e s s u r e  i s  
more pronounced a t  t h i s  l o c a t i o n .  In both l o c a t i o n s ,  t h e  computed 
p r o f i l e s  o f  p i t o t  p r e s s u r e  Pp are  in  r ea s o n a b le  agreement with t h e  
experimenta l  d a t a ,  and a c c u r a t e l y  p r e d i c t  t h e  observed overshoo t  in  
P p .  However, t h e  p r e s s u r e  p r o f i l e s  a re  smeared nea r  t h e  l o c a t i o n  o f  
Z/6 = 1 . 5  due t o  t h e  shock c a p tu r in g  n a tu r e  o f  t h e  a lg o r i thm .
The c a l c u l a t e d  and experimenta l  p i t o t  p r e s s u r e  p r o f i l e s  a t
s t a t i o n  6 a r e  shown in  F ig .  6 . 2 7 f .  Due t o  t h e  c l o s e  p rox im i ty  o f  t h i s
s t a t i o n  to  the  f i n  l ead ing  edge shock wave, u n c e r t a i n t i e s  in p i t o t  
p r e s s u r e  measurements were n o t i c e d  in t h e  experimenta l  d a t a  o u t s i d e  
t h e  boundary l a y e r  edge.  F u r th e r  improvements in t h e  experimental  
p rocedure  a r e  needed t o  r e s o l v e  t h i s  i s s u e .  But w i th in  the  boundary 
l a y e r ,  r e a s o n a b le  agreement  i s  ob ta ined  between t h e  experimental  and 
t h e  numerical  r e s u l t s .  The S-shaped n a tu r e  o f  t h e  p r o f i l e  i s  again 
a p p a re n t ,  wi th  r e a s o n a b le  agreement  between t h e  experimental  and 
numerical  r e s u l t s .  The computed p i t o t  p r e s s u r e  p r o f i l e s  a t  s t a t i o n s  7
and 8 are  compared with experimenta l  d a t a  in  F igs .  6.27g and 6.27h.
The computed r e s u l t s  a r e  in  r e a s o n a b le  agreement  with t h e  experimenta l  
d a t a  with t h e  d i sc r e p a n c y  appear ing in t h e  i n v i s c i d  p o r t i o n  due to  t h e  
shock c a p tu r in g  n a tu r e  o f  t h e  a lg o r i th m  and t h e  p rox im i ty  o f  s t a t i o n  7 
to  t h e  shock (Xg = 0.6 6 q) .
On t h e  b a s i s  o f  t h e  suc ce s s  o f  v a l i d a t i o n  o f  t h e  p r e s e n t  
numerical  r e s u l t s  with t h e  a v a i l a b l e  d a t a ,  f u r t h e r  r e s u l t s  were 
o b t a in e d  t o  s tu dy  t h e  d e t a i l s  o f  t h e  i n s t a n t a n e o u s  and l i m i t i n g
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•  EXPERIMENT (Shapey . 1987)
,  COMPUTED (Knight, e t  al.1987)
j  PRESENT
j p =688320 N/m1. T_ = 260K
•I M„=2.93. 60 =1.26cm
.5 1.0 1.5 2.0
P p / p P.
Fig .  6 . 2 7 ( c o n t i n u e d )  (e.) s t a t i o n  5
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 COMPUTED (Knight, e t at.1987)
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4 pt< = 68 8 3 2 0  N/m1, T„ = 260K 
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 COMPUTED (Knight, et al.19871 |
PRESENT 
Pm = 6 8 8 3 2 0  N/m1. T.=260K
M„=2.93f 60 =1.26cm
Pp/ p P.
Fig .  6 . 2 7 ( c o n t i n u e d )  (g)  s t a t i o n  7
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
U r
3 -
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■— COMPUTED (Knight, e t  al.1987)
 PRESENT




Fig.  6 . 2 7 ( c o n t in u e d )  (h)  s t a t i o n  8
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s t r e a m l in e  p a t t e r n s .  The i n s t a n t a n e o u s  and l i m i t i n g  s t r e a m l in e s  
c l e a r l y  d e p i c t  t h e  complex n a tu r e  o f  t h e  i n t e r a c t i o n  f low. Figure 
6 .2 8  shows t h e  computed l i m i t i n g  s t r e a m l i n e  p a t t e r n s  obt ained using  
the  Baldwin-Lomax t u r b u l e n c e  model . The l i n e  o f  coa le scence  and l i n e  
o f  d ive rgence  a re  c l e a r l y  obse rved .  These s p e c i f i c  num er ica l ly  simu­
l a t e d  f low s t r u c t u r e s  are  in  genera l  agreement  with the  experimental  
r e s u l t s  using  a kerosene  lampblack v i s u a l i z a t i o n  t ec hn ique .
In p a r t i c u l a r ,  t h e  experimenta l  l i n e  o f  c o a le s ce n c e  a t  Y/<S0 = 10 ( the  
approximate spanwise e x t e n t  o f  t h e  experimenta l  kerosene lampblack 
v i s u a l i z a t i o n )  i s  x$ = - 5 .7  6Q, whereas  the  computed l i n e s  of  c o a l e s ­
cence using  t h e  Baldwin-Lomax model occur  a t  Xg = - 6 .45  6q.  The 
computa t ions  performed by K n ig h t - e t  a l .  [ 5 7 ]  using  the  Baldwin-Lomax 
and Jones-Launde r  models p r e d i c t  t h e  l i n e s  o f  co a le s ce n c e  a t  Xg = -4 .5
6 and - 3 .5  6 „ ,  r e s p e c t i v e l y .
0  0
A s e r i e s  o f  c a l c u l a t e d  mean s t r e a m l i n e s  a re  d i sp l a y e d  in Fig.
6 .29 .  The v e r t i c a l  s c a l e  o f  t h e  f i g u r e  has been en la rged  f o r  c l a r i t y .
In F ig .  6 .2 9 a ,  t h e  p a r t i c l e  t r a c e s  o f  18 s t r e a m l i n e s  a r e  shown. Six 
s t r e a m l in e s  o r i g i n a t e  from th e  s u r f a c e ,  upstream o f  the  i n t e r a c t i o n ,  
a t  equal spanwise inc rement s  and s e rv e  t o  d e f i n e  t h e  l i n e  of  c o a l e s ­
cence .  Six a d d i t i o n a l  s t r e a m l in e s  a re  r e l e a s e d  immediately above th e  
p rev ious  s i x  a t  a he ig h t  o f  0 .0048 <SQ. These l a t t e r  s t r e a m l in e s  
c l e a r l y  c r o s s  t h e  l i n e  o f  s e p a r a t i o n  and co n t in u e  t o  r o l l  downstream 
in t h e  c lockwise  d i r e c t i o n  ( a s  viewed from t h e  f i n  l ead ing  edge) .  
Another s e t  o f  s t r e a m l i n e s  i s  r e l e a s e d  a t  a h e ig h t  o f  0 .52 6Q from ths 
p l a t e  s u r f a c e .  These p a r t i c l e s  c l e a r l y  d i s p l a y  a coun te r  c lockw ise  
r o t a t i o n a l  motion o f  t h e  f l u i d  p a r t i c l e s .  The s t r e a m l in e s  c l e a r l y  
d i s p l a y  a v o r t i c a l  s t r u c t u r e .  I t  i s  i n t e r e s t i n g  to  see t h a t  t h e
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F ig .  6 .28  L i m i t i n g  s t r e a m l i n e  p a t t e r n s  on t h e  p l a t e  s u r f a c e  f o r  
20° sha rp  f i n




Fig .  6 .29 Mean s t r e a m l i n e s  f o r  20° sharp  f i n :  (a )  o r i g i n a t i n g  a t  
Z /60 = 0 ,  0 .0048 and 0 .5 2
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p a r t i c l e s  o r i g i n a t i n g  from t h e  h igher  z - l o c a t i o n s  a re  swept beneath 
the  p a r t i c l e s  o r i g i n a t i n g  nea r  the  s u r f a c e .  Another s e t  o f  a d d i t io n a l  
s t r e a m l i n e s  o r i g i n a t i n g  upstream a t  a h e ig h t  o f  1/s = 1 . 1  a re  shown in 
Fig.  6 .29b .  Unlike t h e  p a r t i c l e s  o r i g i n a t i n g  a t  lower va lu es  o f  z, 
t h e s e  p a r t i c l e s  move approximate ly  p a r a l l e l  t o  the  s u r f a c e .  Also,  the  
s t r e a m l in e s  in t h i s  ca se  e x h i b i t  c o n s id e r a b l e  r o t a t i o n  w i th in  the  
boundary l a y e r  as compared to  the  c a se  o f  t h e  16° sha rp  f i n ,  due to  
the s t rong  n a tu r e  o f  t h e  i n t e r a c t i o n .  F igure  6 .30  shows t h e  computed 
l i m i t i n g  s t r e a m l in e s  on t h e  f i n  s u r f a c e .  This again d e p i c t s  t h e  e x i s ­
tence  o f  s e p a r a t i o n  on the  f i n  s u r f a c e .  F igu re  6.31 shows t h e  
computed v e l o c i t y  magnitude co n to u r s  on t h e  f l a t  p l a t e .  The s imulated  
flow f e a t u r e s  such as s e p a r a t i o n  shock ,  f i n  shock ,  and r ea t ta c hm e n t  
shock a re  c l e a r l y  e v i d e n t .
6 .4  Turbulent  Flow Pas t  a Swept Blunt Fin 
For  t h e  c a se  o f  t h e  swept f i n  induced shock wave/boundary l aye r  
i n t e r a c t i o n ,  comparat ive r e s u l t s  were ob ta ined  f o r  t h e  s p e c i f i c  con­
d i t i o n s  o f  Sec. 5 .4 .  The computa t ions  were c a r r i e d  out  using  a 40 x 
45 x 45 mesh. The p r e s s u r e  d i s t r i b u t i o n  along the  f i n  s t a g n a t i o n  l i n e  
a r e  compared in F ig .  6 .32 f o r  v a r i o u s  f i n  sweep a n g le s .  The p r e s s u r e  
i s  nondimens ional ized by th e  t o t a l  p i t o t  p r e s s u r e  behind t h e  bow 
shock,  pt 2 * Tbe agreement  between t h e  n u n e r i c a l  r e s u l t s  and the  
experimental  d a t a  i s  seen t o  be good excep t  f o r  t h e  zero sweep b lu n t  
f i n  where t h e  l ev e l  o f  p r e s s u r e  i s  u n d e rp re d ic t e d  in  t h e  boundary 
l a y e r  and o v e rp r e d i c t e d  in the  i n v i s c i d  r e g i o n .  The expe rimenta l  
measurements [17] i n d i c a t e d  t h a t
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FLAT PLATE
Fig .  6 . 2 9 ( c o n t in u e d )  (b)  o r i g i n a t i n g  a t  Z /«0 = 1.1




Fig .  6 .30  L im i t in g  s t r e a m l i n e  p a t t e r n s  on the  f i n  s u r f a c e  f o r  20° 
sha rp  f i n




REATTACH M ENT 
SHOCK
Fig .  6 .31  V e l o c i t y  magnitude c o n to u r s  on the  p l a t e  s u r f a c e  f o r  20c 
sharp  f i n
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2.0
S W E E P  C O M PU TED  E X P.(Prica an d  S ialltafla, 1M7)
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Fig.  6 .32  Comparison o f  p r e s s u r e  d i s t r i b u t i o n  a long the  f i n  
s t a g n a t i o n  l i n e  f o r  v a r i o u s  f i n  sweeps
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"an i r r e g u l a r  p r e s s u r e  d i s t r i b u t i o n  does in 
f a c t  occur  and t h e  l o c a t i o n  o f  peak p r e s s u r e  
w i th in  t h e  boundary l a y e r  i s  a f u n c t i o n  o f  sweep 
as well  as Mach number. Lack o f  d a t a  in t h e  
r e g i o n  near  t h e  wal l  p r e v e n t s  i d e n t i f y i n g  a peak 
f o r  any o f  t h e  o t h e r  models wi th  t h i s  d iam e te r .  A 
more complete  experimenta l  i n v e s t i g a t i o n  would 
have to  be performed to  d e f i n e ,  f o r  a c e r t a i n t y ,  
t h e  f low model r e s p o n s i b l e  f o r  t h i s  i r r e g u l a r  
p r e s s u r e  d i s t r i b u t i o n . "
A c l o s e  examinat ion o f  t h e  f i g u r e  r e v e a l s  t h a t  as the  f i n  sweep from 
the  angle i n c r e a s e s ,  t h e  magnitude o f  t h e  peak p r e s s u r e  dec re a ses  
c o n s id e r a b l y  from 1.2 t o  0 . 2 .  The v a r i a t i o n  in  p r e s s u r e  from th e  
p o s i t i o n  of  peak t o  minimum i s  s u b s t a n t i a l l y  reduced by in c r e a s in g  f i n  
sweeps. The i n c r e a s e  in  p r e s s u r e  in t h e  d i r e c t i o n  toward the  p l a t e  
s u r f a c e  from the  p o s i t i o n  o f  minimum i s  not  seen f o r  f i n  sweep angles  
g r e a t e r  than  30° .  The computed t e m p e ra tu re  d i s t r i b u t i o n  along th e  f i n  
s t a g n a t io n  l i n e  (F ig .  6 .33)  a lso  shows some improvements due to  t h e  
sweep.
The comparison o f  p r e s s u r e  d i s t r i b u t i o n  on t h e  f l a t  p l a t e  along 
the  l i n e  o f  symmetry (Y/D = 0) and o f f  t h e  l i n e  o f  symmetry (Y/D = 1.5 
t o  4 . 5 )  a re  i l l u s t r a t e d  in  F ig .  6 .34 .  Again the  agreement  i s  seen to  
be ve ry  good. The code i s  a b le  t o  s im u la t e  a l l  t h e  p e r t i n e n t  f low 
f e a t u r e s  such as upstream i n f l u e n c e ,  p r e s s u r e  r i s e  due to  f low se p a ra ­
t i o n  from th e  f l a t  p l a t e ,  p r e s s u r e  p l a t e a u  and double peaks in p r e s ­
s u r e  o f f  t h e  l i n e  o f  symmetry. F u r th e r  examinat ion  o f  t h e  r e s u l t s  
r evea l  a low p r e s s u r e  r e g i o n  between th e  p r e s s u r e  p l a t e a u  and the













Fig .  6 .3 3  Temperature  d i s t r i b u t i o n  a lo ng  t h e  f i n  s t a g n a t i o n  l i n e  
f o r  v a r i o u s  f i n  sweeps
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Fig.  6 .3 4  Comparison o f  p r e s s u r e  d i s t r i b u t i o n  on t h e  f l a t  p l a t e  
f o r  v a r i o u s  f i n  sweeps:  ( a )  a long Y/D = 0
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f i n a l  compression along t h e  l i n e  o f  synmetry (F ig .  6 . 3 4 a ) .  The low 
p res s u re  observed i s  due to  t h e  e x i s t e n c e  o f  t h e  reversed  high speed 
f low r e g i o n .  However, f o r  sweep ang le s  g r e a t e r  than 30° the  low p r e s ­
sure  r eg ion  i s  not  seen .  The d i sappea rance  o f  the  low p r e s s u r e  t rough 
reg io n  f o r  high f i n  sweep ang le s  demons t ra tes  t h e  weakening o f  the  
main horseshoe  vo r tex  wi th  t h e  sweep. Fu r the r  examinat ion o f  t h e  
r e s u l t s  i l l u s t r a t e s  t h a t  t h e  sweep c o n s id e r a b l y  dec reases  t h e  upstream 
i n f l u e n c e .  The appearance  o f  double  peaks in p ressu re  (F ig s .  6 .34b-  
6 .34e)  on th e  f l a t  p l a t e  i s  due t o  t h e  pr imary  horseshoe  vo r te x  moving 
downstream in a h e l i c a l  f a s h i o n .  The low p r e s s u r e  reg ion  between t h e  
two p r e s s u r e  peaks i s  caused by a high v e l o c i t y  under t h e  c o re  o f  t h e  
vo r tex  [ 3 1 ] .  I t  i s  seen t h a t  t h e  sweep de c re a s es  the  spanwise e x t e n t  
o f  t h e  i n t e r a c t i o n  c o n s i d e r a b l y .  This i s  due t o  d imin ish ing  o f  t h e  
double p r e s s u r e  peaks f o r  h igher  sweeps. Some o f  the  t r e n d s  e x h i b i t e d  
in Fig.  6 .34  w i l l  become a ppa ren t  a f t e r  d i s c u s s io n s  o f  t h e  f low s t r u c ­
t u r e .  The computed s u r f a c e  t em p e ra tu re  d i s t r i b u t i o n  along t h e  l i n e  o f  
synmetry i s  shown in F ig .  6 .35 .  The improvement in t h e  s u r f a c e  temp­
e r a t u r e  i s  c l e a r l y  ap p a re n t .
The computed p a r t i c l e  p a th s  in  t h e  p lane  o f  synmetry a re  shown in 
Fig.  6 .36 f o r  b lu n t  and 60° swept f i n s .  The r e s u l t s  c l e a r l y  show t h e  
f low s e p a r a t i o n  on th e  f l a t  p l a t e  ahead o f  t h e  f i n ,  l ead ing  to  the  
formation o f  the  pr im ary  horseshoe  v o r te x  (F ig .  6 .36a ) .  A small 
secondary  vo r tex  i s  a l s o  seen nea r  t h e  j u n c t u r e  formed by t h e  f i n  and 
f l a t  p l a t e  ( F ig s .  6 .36a  and 6 .3 6 b ) .  The secondary vor tex  r o t a t e s  in a 
c oun te rc loc kw ise  d i r e c t i o n  as  compared with t h e  pr imary horseshoe  
v o r t e x .  The pr imary vo r te x  e lo n g a t e s  t o  a l eng th  of  two d iam e te r s  
ahead o f  t h e  b l u n t  f i n  wi th  i t s  c o re  l o c a t e d  about 0 .2 d iam e te r s  above
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Fig .  6 . 34 (co n t in u ed )  (b)  a long Y/D = 1.5
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Fig .  6 . 3 4 ( c o n t i n u e d )  ( c )  a long  Y/D = 2 .5
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3.5 r SW EEP COMPUTED EXP.(Prica and Stalling*. 1M7)
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Fig .  6 . 3 4 ( c o n t i n u e d )  (d)  a long  Y/D = 3 .5
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SWEEP COMPUTED EXP.(Prlc« and Slalltnga, 19*7)
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Fig.  6 . 34 (con t inued)  ( e )  a long Y/D = 4 .5
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Fig .  6 .35  Temperature  d i s t r i b u t i o n  along t h e  l i n e  o f  symmetry f o r  
v a r i o u s  f i n  sweeps
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Fig .  6 .36  P a r t i c l e  p a t h s  in  t h e  p l an e  o f  symmetry f o r  v a r io u s  
f i n  sweeps: ( a )  sweep = 0°
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STAGNATION LINE-
PRIMARY VORTEX SECONDARY VORTEX-
LINE OF SYMMETRY
Fig.  6 . 3 6 ( c o n t i n u e d )  (b) e n l a r g e d  view o f  t h e  f lo w  a t  t h e  j u n c t i o n  f o r
sweep = 0 °
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the  f l a t  p l a t e .  As t h e  f i n  sweep i s  i n c r e a s e d  t o  60° ,  t h e  e x t e n t  of  
the  s e p a r a t i o n  on the  f l a t  p l a t e  i s  reduced c o n s id e r a b l y  (F ig .  6.36c 
and Fig .  6 . 3 7 ) .  This  l e a d s  t o  t h e  weakening o f  t h e  horseshoe vor tex  
(F ig.  6 .3 6 c ) .
The computed sk in  f r i c t i o n  d i s t r i b u t i o n  along t h e  l i n e  o f  syn­
metry i s  i l l u s t r a t e d  in Fig.  6.37 f o r  v a r i o u s  f i n  sweeps.  I t  i s  seen 
t h a t  with an i n c r e a s e  in the  f i n  sweep,  t h e  upstream s e p a r a t i o n  po in t  
(where va lu e  changes s ign)  moves c l o s e r  t o  t h e  f i n  l ead ing  edge.  
Also,  f o r  f i n  sweep an g le s  g r e a t e r  than  0 ° ,  no d e f i n i t e  rea t tachm en t  
po in t  (where the  Cf  v a lue  s t a r t s  i n c r e a s i n g  from a n e g a t i v e  value)  i s  
obse rved .
The horseshoe  vo r tex  t r a n s p o r t s  f r e s h  high momentun f l u i d  c o n t i n ­
uously i n to  t h e  s e p a r a te d  f low reg io n  ( F ig .  6 .3 6 a ) .  As t h i s  high 
momentun f l u i d  a c c e l e r a t e s  and moves away from t h e  p lane  o f  synmetry,  
i t  l eads  t o  t h e  fo rm ation  o f  two r e v e r s e d  supe rson ic  zones [31,  62, 
63 ] ,  one on t h e  f i n  and the  o t h e r  on t h e  f l a t  p l a t e .  The dec rease  in 
p res su re  from the  peak to  a minimum observed in Fig.  6 .32 i s  no t  on ly  
due to  a lower s t a g n a t i o n  p r e s s u r e  in t h e  incoming boundary laye r  
p r o f i l e ,  bu t  a l so  due t o  t h e  extreme expansion  caused by th e  horseshoe 
v o r te x .  Th is  expansion l ea d s  t o  t h e  fo rm a t ion  o f  a r e v e r s e d  super ­
sonic  zone on the  f i n .  From t h e  computed p a r t i c l e  paths  in t h e  p lane 
o f  symmetry f o r  t h e  b l u n t  f i n  (F ig .  6 . 3 6 a ) ,  i t  i s  seen t h a t  the  
s t r e a m l in e s  o f  low momentum f l u i d  never  impinge d i r e c t l y  on the  f i n  
s u r f a c e .  They s p i r a l  i n t o  t h e  horseshoe  vo r tex  and c on t inue  t o  r o l l  
up downstream in t h e  form o f  a n e c k la c e  v o r t e x .  The i n c r e a s e  in p res ­
s u re  in t h e  d i r e c t i o n  toward t h e  p l a t e  s u r f a c e  observed in  Fig.  6.32 
i s  due to  recompression  o f  t h e  f low from supe rson ic  to  subsonic  speed.
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Fig .  6 . 3 6 ( c o n t in u e d )  (c )  sweep = 60°
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F ig .  6 .37 Skin f r i c t i o n  d i s t r i b u t i o n  a long  t h e  l i n e  o f  symmetry 
f o r  v a r io u s  sweeps
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I t  i s  t h i s  adverse p r e s s u r e  g r a d i e n t  t h a t  l ea d s  t o  t h e  fo rm ation  o f  
t h e  secondary vo r tex  a t  t h e  c o rn e r  (F ig .  6 .3 6 b ) .  As the  f i n  sweep 
ang le  i n c r e a s e s ,  t h e  v a r i a t i o n  in p r e s s u r e  i s  reduced s u b s t a n t i a l l y .  
This weakens the  horseshoe  vo r tex  which l ea d s  t o  t h e  d i sa ppe a ra nc e  o f  
t h e  superson ic  zones [62 ,  63] .
The computed l i m i t i n g  s t r e a m l i n e  p a t t e r n s  a r e  shown in F ig .  6 .38 
f o r  b l u n t ,  30° and 60° swept f i n s .  The s e p a r a t i o n  and r ea t t a c h m e n t  
l i n e s  are  a l so  marked in the  f i g u r e .  The f o o t  t r a c e  l e f t  by the  
horseshoe  vo r tex  as t h e  f low goes around t h e  f i n  i s  c l e a r l y  observed 
i n  t h e  a rea  bounded by th e  s e p a r a t i o n  and r ea t t a c h m e n t  l i n e .  I t  i s  
apparen t  t h a t  the  spanwise i n f l u e n c e  e x e r t e d  by th e  horseshoe  vo r tex  
on t h e  j u n c t u r e  f low i s  reduced  c o n s i d e r a b l y  f o r  high sweep a n g le s .
In p a r t i c u l a r  a t  a sweep angle  o f  A = 6 0 ° ,  t h e  f low beyond th e  span-  
wise  l o c a t i o n ,  Y/D = 3 .0  (F ig .  6 .38c)  i s  u n a f f e c te d  by t h e  j u n c t u r e  
e f f e c t .  However, in t h e  ca se  o f  t h e  b lu n t  f i n  (A = 0 ° ) ,  t h e  e x t e n t  o f  
t h e  d i s t u r b e d  f low p e r s i s t s  up t o  Y/D = 6 .0  (F ig .  6 . 3 8 a ) .
6 .5  Turbu len t  Flow Pas t  a F i l l e t e d  Fin 
For  t h e  case  o f  t h e  f i l l e t e d  f i n  induced shock wave/boundary 
l a y e r  i n t e r a c t i o n ,  comparat ive r e s u l t s  were ob ta ined  f o r  t h e  s p e c i f i c  
c o n d i t i o n s  given in Sec. 5 .5 .  The computa t ions  were c a r r i e d  ou t  using  
a 40 x 45 x 45 mesh. The p r e s s u r e  d i s t r i b u t i o n  along th e  f i n  s t a g ­
n a t i o n  l i n e  i s  compared in F ig .  6 .39  f o r  unmodified ( b l u n t  f i n )  and 
mod if ied ( f i l l e t e d )  j u n c t i o n s .  The f i n  s u r f a c e  p r e s s u r e  i s  aga in 
nondimens iona l ized by th e  t o t a l  p i t o t  p r e s s u r e  behind th e  bow shock 
(p = 0.12 p . 0 ) .  The l o c a t i o n  o f  t h e  peak p r e s s u r e  c o r re sponds  t o  t h e00 Zi.
po in t  of  impingement o f  t h e  s t a g n a t i o n  s t r e a m l i n e  on t h e  f i n  l e a d in g
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Fig .  6 .38  L im i t in g  s t r e a m l i n e  p a t t e r n s  on th e  f l a t  p l a t e  f o r  v a r io u s  
f i n  sweeps:  ( a )  sweep = 0°
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F ig .  6 . 38 (con t inued )  (b)  sweep = 30c













Fig.  6 . 3 8 ( c o n t in u e d )  ( c )  sweep = 60c
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1580 N/m2 . Ta = 138K
M = 2.5. D = 2.5cm
1.25
39 P r e s s u r e  d i s t r i b u t i o n  on t h e  f i n  l ea d in g  edge f o r  v a r i o u s  
j u n c t i o n s
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edge.  I t  i s  seen t h a t  t h e  l o c a t i o n  o f  t h e  peak p r e s s u r e  on t h e  f i n  
l ead ing  edge moves upward f o r  t h e  f i l l e t e d  j u n c t i o n .  This  i s  because 
t h e  f low approaching  t h e  j u n c t i o n  i s  d e f l e c t e d  upward i n s t e a d  o f  being 
r o l l e d  i n to  the  ho rsehose  v o r t e x .  For t h e  case  o f  t h e  small  boundary-  
l a y e r  t h i c k n e s s  (6/D = 0 . 2 ) ,  t h e  r e s u l t s  i l l u s t r a t e  a c o n s i d e r a b l e  
i n c r e a s e  in f i n  l ea d ing  edge p r e s s u r e  d i s t r i b u t i o n  as compared to  t h e  
unmodified j u n c t i o n .  S i m i l a r  t r e n d  in r e s u l t s  were obse rved  in b l u n t  
f i n / f l a t  p l a t e  s t u d i e s  [31] in which de c re a s in g  t h e  incoming boundary 
1 ayer t h i c k n e s s  by a f a c t o r  o f  f i v e  showed a c o n s i d e r a b l e  i n c r e a s e  in 
the  p r e s s u r e  d i s t r i b u t i o n  on t h e  f i n  l ea d ing  edge.
The p r e s s u r e  d i s t r i b u t i o n  along t h e  l i n e  o f  symmetry a r e  compared 
in Fig.  6 .40  f o r  v a r i o u s  t y p e s  o f  j u n c t i o n s .  I t  i s  seen t h a t  t h e  
p r e s s u r e  d r o p ,  f o l l o w i n g  t h e  p r e s s u r e  p l a t e a u ,  d e c re a s e s  as  t h e  f i l l e t  
s i z e  i n c r e a s e s .  This  i n d i c a t e s  a r e d u c t io n  in speed o f  t h e  r e v e r s e d  
f low reg ion  and o v e r a l l  a c c e l e r a t i o n  o f  t h e  j u n c t u r e  f lo w .
The computed p a r t i c l e  pa ths  in t h e  plane  of  symmetry a re  shown in  
F i g .  6 .41  f o r  unmodif ied and modif ied  j u n c t i o n s .  The i n f l u e n c e  o f  
f i l l e t i n g  on the  f low s t r u c t u r e  i s  d ramatic  as compared t o  unmodified 
j u n c t i o n .  The p a r t i c l e  p a th s  demons t ra te  t h a t  the  ho rseshoe  vo r te x  
deforms and the  f low s t r e a m l i n e s  wi th in  t h e  boundary l a y e r  l o s e  much 
o f  t h e i r  v o r t i c a l  c h a r a c t e r  w i th  proper  f i l l e t i n g .  In a n o th e r  s tudy  
[ 3 2 ] ,  in which t h e  l e a d in g  edge shape was changed from a b l u n t  t o  a 
square  f i n ,  t h e  r e s u l t s  showed a c o n s id e r a b l e  i n c r e a s e  in  t h e  s e p a r a ­
t i o n  l e n g t h .  This  r e s u l t e d  in a b i f u r c a t i o n  o f  t h e  main ho rseshoe  
vo r te x  i n t o  two v o r t i c e s  r o t a t i n g  in t h e  same d i r e c t i o n .  For  the  
p r e s e n t  c a s e ,  t h e  main ho rseshoe  vo r tex  does not  b i f u r c a t e  even though 
t h e  b l u n tn e s s  o f  t h e  l ea d in g  edge i s  changed by f i l l e t i n g .  The
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Fig .  6 .40  P r e s s u r e  d i s t r i b u t i o n  on t h e  f l a t  p l a t e  f o r  v a r io u s  
j u n c t i o n s
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Fig .  6 .41  P a r t i c l e  p a th s  in  t h e  p lane  o f  symmetry f o r  v a r i o u s  
j u n c t i o n s :  ( a )  unmodified j u n c t i o n  (6/D = 2)
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Fig .  6 . 41 (con t inued )  (b )  c i r c u l a r  f i l l e t  (6/D = 2 ,  R/D = 2)
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Fig .  6 . 4 1 ( c o n t i n u e d )  ( c )  c i r c u l a r  f i l l e t  ( 6/D = 2,  R/D = 3 .5 )
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Fig .  6 . 4 1 ( c o n t i n u e d )  (d )  c i r c u l a r  f i l l e t  (6/D = 0 . 2 ,  R/D = 3.5)
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s u r f a c e  l i m i t i n g  s t r e a m l i n e s  a r e  shown in Fig.  6 .42 f o r  unmodified and 
modif ied j u n c t i o n s .  I t  i s  apparen t  t h a t  the  s e p a r a t i o n  on the  f i n  
s u r f a c e  i s  p reven ted  comple te ly  in t h e  case  o f  t h e  modif ied j u n c t io n  
as compared to  t h e  unmodif ied j u n c t i o n .  The computed in s ta n ta ne ous  
s t r e a m l in e s  a re  shown in F ig .  6 .43 f o r  unmodified and modif ied 
j u n c t i o n s  employing c i r c u l a r  and cont inuous  f i l l e t s .  These r e s u l t s  
show t h e  i n f l u e n c e  o f  f i l l e t s  on t h e  h e l i c a l  vo r tex  s t r u c t u r e .  The 
computed v e l o c i t y  magnitude co n to u r s  (F ig .  6 .44)  c l e a r l y  show t h a t  
with f i l l e t i n g  t h e  supe rson ic  zones observed in  t h e  case  o f  t h e  b lu n t  
f i n / f l a t  p l a t e  j u n c t i o n  weaken as t h e  f i l l e t  s i z e  i s  increased a t  the  
j u n c t u r e .  The v o r t i c i t y  co n to u r s  ( F ig .  6 .45)  demons tra te  t h a t  t h e  
magnitude o f  v o r t i c i t y  in t h e  v o r te x  i s  reduced by a f a c t o r  of  t h r e e  
in  t h e  c a se  o f  t h e  modif ied  j u n c t i o n  as compared to  t h e  unmodified 
j u n c t i o n .
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Fig.  6 .42  Sur face  l i m i t i n g  s t r e a m l i n e s  f o r  v a r i o u s  j u n c t i o n s :  
( a )  unmodified j u n c t i o n  (6/D = 2)
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Fig. 6.42(continued) (b) circular fillet (6/D = 2, R/D = 2)
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Fig.  6 . 4 2 ( c o n t i n u e d )  ( c )  c i r c u l a r  f i l l e t  (6/D = 2 ,  R/D = 3 .5 )
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Fig .  6 .4 2 ( c o n t i n u e d )  (d)  c i r c u l a r  f i l l e t  (5/D = 0 . 2 ,  R/D = 3 .5 )




Fig .  6 .43 In s t a n t a n e o u s  s t r e a m l i n e s  f o r  v a r i o u s  j u n c t i o n s :  
( a )  unmodified j u n c t i o n  (6/D = 2)
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Fig .  6 . 4 3 ( c o n t i n u e d )  (b)  c i r c u l a r  f i l l e t  ( S/D = 2,  R/D = 2)
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Fig .  6 . 4 3 ( c o n t in u e d )  ( c )  c i r c u l a r  f i l l e t  (6/D = 2 ,  R/D = 3 .5 )
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F ig .  6 . 4 3 ( c o n t i n u e d )  (d)  c i r c u l a r  f i l l e t  (6/D = 0 . 2 ,  R/D = 3 .5 )
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^ _______ FLAT PLATE
Fig .  6 . 4 3 ( c o n t in u e d )  (e )  c o n t inuous  f i l l e t  (6/D = 2)
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F ig .  6 .44  V e l o c i t y  magni tude  c on tou r s  in  t h e  p lane  o f  symmetry 
f o r  v a r i o u s  j u n c t i o n s :  ( a )  unmodif ied j u n c t i o n  (6/D
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Fig .  6 . 4 4 ( c o n t i n u e d )  (b )  c i r c u l a r  f i l l e t  (6/D = 2 ,  R/D = 2)
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Fig.  6 . 4 4 ( c o n t i n u e d )  ( c )  c i r c u l a r  f i l l e t  (6/D = 2 ,  R/D = 3 .5 )
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Fig .  6 . 4 4 ( c o n t i n u e d )  (d)  c i r c u l a r  f i l l e t  (6/D = 0 . 2 ,  R/D -  3 .5 )
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Fig.  6 .45  V o r t i c i t y  co n to u r s  in  t h e  p l an e  o f  symmetry f o r  v a r io u s  
f u n c t i o n s :  ( a )  unmodified j u n c t i o n  (6/D = 2)
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Fig .  6 .4 5 ( c o n t i n u e d )  (b)  c i r c u l a r  f i l l e t  (6/D = 2 ,  R/D = 2)
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Fig .  6 . 4 5 ( c o n t in u e d )  ( c )  c i r c u l a r  f i l l e t  (6/D = 2 ,  R/D = 3 .5 )
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F ig .  6 . 4 5 ( c o n t i n u e d )  (d)  c i r c u l a r  f i l l e t  (6/D = 0 . 2 ,  R/D = 3 .5 )
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Chapter  7 
CONCLUSIONS AND RECOMMENDATIONS 
The supe rson ic  flow p a s t  a wing/body j u n c t i o n  i s  s im u la te d  
n u m er i ca l ly  us ing a th re e -d im e n s io n a l  Navier-S tokes  code.  R e s u l t s  
have been ob ta ine d  f o r  s i m p l i f i e d  geomet r i es  such as b lu n t  f i n / f l a t  
p l a t e  j u n c t i o n ,  sharp f i n / f l a t  p l a t e  j u n c t i o n ,  and f i l l e t e d  j u n c t i o n .  
Ex tensive  p a ram et r ic  s t u d i e s  o f  g r id  r e s o l u t i o n ,  Mach and Reynolds 
number v a r i a t i o n  have been conducted t o  unders tand  t h e i r  e f f e c t s  in 
modifying the  i n t e r a c t i o n  f low f i e l d .  The i n f l u e n c e  o f  f i l l e t s  and 
sweep on th e  computed f low f i e l d  have been i n v e s t i g a t e d  e x t e n s i v e l y  
f o r  a wide range of  geomet r i cal  and f low c o n d i t i o n s .  In g e n e r a l ,  t h e  
computa t iona l  r e s u l t s  show t h a t  b e t t e r  agreement  wi th  experimental  
r e s u l t s  can be ob ta ined  by r e f i n i n g  th e  mesh. I t  has been no ted  t h a t  
t h e  f i n  sweep reduces  c o n s id e r a b l y  t h e  spanwise e x t e n t  o f  t h e  i n t e r ­
a c t i o n  f low f i e l d .  Some improvements in  s u r f a c e  t em p e ra tu re  a r e  a l s o  
observed  due t o  sweep. The computed p a r t i c l e  p a th s  and l i m i t i n g  
s t r e a m l in e s  f o r  swept j u n c t i o n s  demons tra te  c l e a r l y  t h e  d ram a t ic  
in f l u e n c e  o f  f i n  sweep in  weakening t h e  j u n c t u r e  horseshoe  v o r te x .
The r e s u l t s  f o r  sharp f i n / f l a t  p l a t e  j u n c t i o n  show t h a t  t h e  s t r u c t u r e  
o f  th re e -d im e n s io n a l  s e p a r a t i o n  i s  markedly d i f f e r e n t  from t h a t  exh ib­
i t e d  by th e  b l u n t  f i n / f l a t  p l a t e  j u n c t i o n .  The numerical  s tudy  of  
f i l l e t e d  j u n c t u r e s  c l e a r l y  show t h a t  t h e  f low s t r e a m l i n e s  l o s e  much o f  
t h e i r  v o r t i c a l  c h a r a c t e r  wi th  p roper  f i l l e t i n g .  I t  has been demon­
s t r a t e d  t h a t  f i l l e t s  with a r a d i u s  o f  t h r e e  and o n e - h a l f  t im es  t h e  f i n
188
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lead ing  edge d iam ete r  a r e  r e q u i r e d  t o  weaken t h e  usual  n e c k la c e  vo rtex 
i n t e r a c t i o n  f o r  t h e  Mach number and Reynolds number con s id e red  in  the  
p r e s e n t  s tu dy .
Based upon th e  p r e s e n t  s tu d y ,  t h e  fo l low ing  a reas  o f  r e s e a r c h  may 
be i d e n t i f i e d  f o r  f u r t h e r  s t u d i e s :
1. The s e n s i t i v i t y  o f  g r i d  r e f inem e n t  on t h e  computed f low 
s t r u c t u r e  should be i n v e s t i g a t e d  us ing  a much f i n e r  g r i d  than 
used in  t h e  p r e s e n t  s tu d y  t o  d e f i n e  t h e  minimum number o f  
g r id  p o i n t s  r e q u i r e d  f o r  an a c c u r a t e  r e s o l u t i o n  of  f low 
f e a t u r e s .
2. The s im u la ted  s t r u c t u r e  o f  t h e  shock i s  smeared due t o  t h e
n a tu re  of  t h e  a lg o r i th m  a pp l i e d  in  t h e  p r e s e n t  s tu d y .  A
numerical  t e c h n i q u e ,  such as a high r e s o l u t i o n  TVD scheme, 
can be i n c o r p o r a t e d  in  t h e  code f o r  p r ov id ing  a c r i s p  r e p r e ­
s e n t a t i o n  o f  t h e  shock.
3. The f low s t r u c t u r e  should be examined f o r  p h y s ic a l  c o n d i t io n s  
when t h e r e  a re  f o u r  o r  more v o r t i c e s  p r e s e n t  in  t h e  f low 
f i e l d .
4. The e f f e c t  o f  changes  in  t h e  t u rb u l e n c e  model ,  such as a
n o n l in e a r  k- model ,  can be examined t o  i n v e s t i g a t e  i t s
e f f e c t  on t h e  f low  f i e l d  s i m u l a t io n .
5. Since t h e  f low i s  uns te a d y ,  one should  i n v e s t i g a t e  t h e  o s c i l ­
l a t o r y  behav io r  o f  t h e  horse shoe  v o r te x .
6. I t  would be d e s i r a b l e  t o  examine t h e  ch e m is t ry  and r e a l  gas 
e f f e c t s  us ing  a p p r o p r i a t e  mathematical  models .
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APPENDIX A
MAXIMUM ALLOWABLE TIME STEP FOR EXPLICIT ALGORITHM
An approximate l i n e a r i z e d  s t a b i l i t y  a n a l y s i s  [51] y i e l d s  the  
f o l l o w in g :
A t = CFL .min. A tLr .  
£qPI_ i »J»k £
A t  = CFL .min. At 
nCFL 1 ’J »k n
(A.l)
At = CFL .min. At 
C^FL * *
where i ^ j %  deno te s  t h e  minimum va lu e  e v a lu a te d  over  a l l  g r id  
volumes which a re  updated by t h e  e x p l i c i t  scheme, and
A S f
A t  =------  5----------  (A.2 )




At  - ----- 2----------- (A.3)
|u  I + a + 2ei n -------
i S n°
195
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
and
and
n ■-\/"x y z
4S? = 4 { / ^ t x2 H / * ! 2Z
u? = (u § x + v ?y + w 5 Z) /  yjzx2 + ? y2 + C22
un = (u nx + v n y + w n z ^  > / n x2 + ny2 + n z2 ^A' 6 ^
V ( u ? x + v c y + w ? z} /  yj^x2 + ? y + ? z2
0 = max |2(u+5)  -  * |»  v ( —  + —  ) (A.7)
Pr Pr  
r t
The c o n s t a n t  CFL i s  t y p i c a l l y  chosen t o  be 0 . 9 .
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